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ABSTRACT 

The  Sloan  Extension  for  Galactic  Understanding  and  Exploration  (SEGUE)  Survey  obtained  ~240,000  moderate- 
resolution  ( R  ~  1800)  spectra  from  3900  A  to  9000  A  of  fainter  Milky  Way  stars  (14.0  <  g  <  20.3)  of  a  wide 
variety  of  spectral  types,  both  main-sequence  and  evolved  objects,  with  the  goal  of  studying  the  kinematics  and 
populations  of  our  Galaxy  and  its  halo.  The  spectra  are  clustered  in  212  regions  spaced  over  three  quarters  of  the 
sky.  Radial  velocity  accuracies  for  stars  are  a(RV)  ~  4  km  s_1  at  g  <  18,  degrading  to  cr(RV)  ~  15  km  s_1 
at  g  ~  20.  For  stars  with  signal-to-noise  ratio  >10  per  resolution  element,  stellar  atmospheric  parameters  are 
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estimated,  including  metallicity,  surface  gravity,  and  effective  temperature.  SEGUE  obtained  3500  deg2  of  additional 
ugriz  imaging  (primarily  at  low  Galactic  latitudes)  providing  precise  multicolor  photometry  (cr(g,  r,i)  ~  2%), 
(cr(u,  z)  ~  3%)  and  astrometry  (~0".l)  for  spectroscopic  target  selection.  The  stellar  spectra,  imaging  data,  and 
derived  parameter  catalogs  for  this  survey  are  publicly  available  as  part  of  Sloan  Digital  Sky  Survey  Data  Release  7. 

Key  words:  Galaxy:  halo  -  Galaxy:  stellar  content  -  Galaxy:  structure  -  stars:  abundances  -  stars:  fundamental 
parameters  -  stars:  general 

Online-only  material:  color  figure,  machine-readable  and  VO  tables 


1.  INTRODUCTION 
1.1.  Stellar  Spectroscopic  Surveys 

A  large-scale  study  of  the  Milky  Way  is  important  to  our  gen¬ 
eral  understanding  of  galaxy  structure  and  formation.  It  is  only 
in  our  own  “backyard”  that  great  numbers  of  stars,  the  building 
block  of  all  galaxies,  may  be  observed  individually,  with  their 
collective  properties  serving  as  constraints  on  theories  of  galaxy 
formation  and  evolution.  Spectroscopic  data  of  individual  stars 
can  provide  a  much  richer  variety  of  information  on  both  stellar 
kinematics  and  stellar  atmospheric  parameters  than  is  possible 
with  photometric  measurements  alone. 

The  first  large  area  spectroscopic  surveys  used  objective  prism 
plates,  including  the  fundamental  surveys  for  spectroscopic  clas¬ 
sification  (Cannon  &  Pickering  1918;  Morgan  et  al.  1943;  Houk 
1978)  and  more  specialized  surveys  for  unusual  stars  (Cameron 
&  Nassau  1956;  Nassau  et  al.  1965;  Slettebak  &  Brundage 
1971;  Bidelman  &  MacConnell  1973).  Later  objective  prism 
surveys  focused  on  extremely  metal-poor  stars  (Beers  et  al. 
1985;  Christlieb  et  al.  1999)  and  on  halo  giants  (Ratnatunga  & 
Freeman  1985;  Flynn  &  Morrison  1990).  Objective  prism  sur¬ 
veys  had  the  advantage  of  rapidly  recording  a  large  number  of 
stellar  spectra  over  significant  solid  angles,  but  had  disadvan¬ 
tages  such  as  a  bright  limiting  magnitude  and  an  inability  to 
accurately  calibrate  the  spectra. 

“Aperture”  spectroscopic  surveys  using  modem  spectro¬ 
graphs  have  been  rarer,  in  part  because  of  the  huge  invest¬ 
ment  of  telescope  time  required  to  assemble  substantial- sized 
samples.  They  include  the  “Spaghetti”  survey  for  halo  giants 
(Morrison  et  al.  2000),  the  SIM  Grid  Giant  Star  Survey 
(Patterson  et  al.  1999),  the  detailed  chemical  study  of 
Edvardsson  et  al.  (1993)  and  its  various  sequels,  and  the  mon¬ 
umental  survey  of  Nordstrom  et  al.  (2004)  who  studied  nearby, 
bright  F  and  G  stars  and  obtained  metallicity,  temperature,  and 
age  information  from  Stromgren  photometry  and  accurate  radial 
velocities  (RVs)  from  CORAVEL  and  other  spectrographs. 

Multi-object  spectroscopic  surveys  (first  implemented  with 
plug  boards,  or  slit  masks,  then  with  automated  positioners), 
which  provide  a  large  gain  in  efficiency,  have  also  been  done 
with  specific  scientific  goals  in  mind.  A  number  of  programs 
(Kuijken  &  Gilmore  1989;  Ibata  &  Gilmore  1995;  Ibata  et  al. 
1994;  Gilmore  et  al.  1995,  2002)  have  searched  for  coherent 
structures  in  the  halo.  The  RAVE  Survey  (Steinmetz  et  al.  2006; 
Zwitter  et  al.  2008),  which  focuses  on  bright  stars  of  all  colors 
(9  <  I  <  13),  produces  accurate  velocities  and  estimates  of 
stellar  parameters  from  a  small  spectral  region  including  the 
Ca  ii  infrared  (IR)  triplet. 

Orthogonal  to  the  volume-limited  or  spectral-type  specific 
surveys  have  been  the  compilations  of  homogeneous  spectro¬ 
scopic  atlases  of  a  few  hundred  objects  (Gunn  &  Stryker  1983; 
Jacoby  et  al.  1984;  Pickles  1985)  obtained  with  electronic  scan¬ 
ners  and  imaging  tubes.  The  members  of  these  catalogs  were 


selected  to  sample  objects  of  all  spectral  types  with  at  least  one 
example  of  each  temperature  and  luminosity  class.  These  cata¬ 
logs  do  not  give  relative  numbers  of  stars  in  the  different  spectral 
categories,  however,  and  they  may  miss  some  rare  categories, 
especially  the  low-metallicity  stars. 

Looking  to  the  future,  the  Gaia  space-based  mission 
(Perryman  et  al.  2001)  plans  to  obtain  proper  motions  (and  pre¬ 
cise  positions)  of  approximately  one  billion  stars  to  g  ~  20,  with 
radial  velocities  (RVs)  for  all  of  the  brighter  objects  with  g  <  17 
(Katz  et  al.  2004;  Wilkinson  et  al.  2005).  Gaia,  when  underway, 
will  represent  a  several  orders  of  magnitude  leap  forward  in  our 
knowledge  of  the  kinematics,  structure,  and  evolution  of  our 
Galaxy. 

1.2.  Stars  and  the  SDSS 

The  Sloan  Digital  Sky  Survey  (SDSS;  York  et  al.  2000) 
is  primarily  an  extragalactic  survey  that  has  obtained  2% 
multicolor  imaging  of  nearly  8000  deg2  of  filled  contiguous 
sky  toward  the  Northern  Galactic  Cap,  and  700  deg2  in  three 
stripes  in  the  South  Galactic  Cap  near  the  celestial  equator. 
Spectra  have  been  acquired  of  one  million  galaxies  and  one 
hundred  thousand  quasars.  The  major  science  program  consists 
of  constructing  a  large  three-dimensional  map  of  the  universe 
and  constraining  cosmological  models;  see,  e.g.,  Becker  et  al. 
(2001),  Blanton  et  al.  (2003b),  Fan  et  al.  (2003),  Tremonti  et  al. 
(2004),  Tegmark  et  al.  (2004),  Eisenstein  et  al.  (2005),  and 
Richards  et  al.  (2006). 

A  significant  product  of  the  SDSS  was  a  large  number  of 
Milky  Way  stellar  spectra  combined  with  deep,  accurate  mul¬ 
ticolor  photometry.  This  led  to  several  (initially)  serendipitous 
Galactic  structure,  Galactic  halo,  and  M31  halo  science  results; 
see  Ivezic  et  al.  (2000),  Yanny  et  al.  (2000,  2003),  Newberg 
et  al.  (2002,  2003),  Rockosi  et  al.  (2002),  Willman  et  al.  (2005), 
Zucker  et  al.  (2004a,  b),  Belokurov  et  al.  (2006a,  b,  2007a,  b), 
Allende  Prieto  et  al.  (2006),  Bell  et  al.  (2008),  Koposov  et  al. 
(2007),  Xu  et  al.  (2007),  Xue  et  al.  (2008),  and  Juric  et  al. 
(2008). 

Near  the  conclusion  of  the  original  SDSS  program  in  2004, 
partially  as  a  result  of  the  productive  Galactic  science  enabled 
by  the  SDSS,  a  set  of  three  individual  surveys  (under  the 
umbrella  designation  of  SDSS-II)  were  designed:  (1)  Legacy: 
a  survey  following  the  same  goals  of  the  original  SDSS,  to 
complete  the  SDSS  imaging  and  spectroscopic  footprint;  (2)  SN 
la  (Frieman  et  al.  2008):  a  well-calibrated,  systematic  survey  for 
200  intermediate  redshift  (0.1  <  z  <  0.4)  type  la  supernovae, 
filling  an  important  gap  in  redshift  coverage,  and  anchoring 
the  calibrations  of  higher  redshift  supernova  surveys;  and 
(3)  Sloan  Extension  for  Galactic  Understanding  and  Exploration 
(SEGUE),  an  imaging  and  spectroscopic  survey  of  the  Milky 
Way  and  its  surrounding  halo.  SDSS-II  operated  from  2005 
August  to  2008  July  at  Apache  Point  Observatory,  building  on 
SDSS,  which  is  operated  from  2000  August  until  2005  July. 
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The  SEGUE  Survey  is  the  subject  of  this  paper.  The  pro¬ 
cessed,  searchable  data  archive  from  SEGUE  was  made  publicly 
available  in  the  Fall  of  2008  as  part  of  SDSS-II  Data  Release  7 
(DR7).  With  few  exceptions,  all  stellar  spectral  types  are  rep¬ 
resented  in  the  SEGUE  Survey.  Notable  categories  which  are 
missing  include  luminous  Population  I  early  types,  such  as  O,  B, 
and  Wolf-Ray et  stars,  and  some  Population  I  giants,  which  are 
not  targeted  because  they  are  generally  too  bright  for  SEGUE 
observations  if  they  are  in  the  solar  neighborhood  and  are  too 
rare  or  are  obscured  by  dust  toward  the  Galactic  center  to  be 
seen  at  greater  distances.  Samples  of  spectrophotometrically 
calibrated  stars  of  a  wide  variety  of  spectral  types  are  presented 
in  Section  3.  A  defining  part  of  SEGUE  is  the  creation  and  re¬ 
lease  of  its  public  database  that  can  be  mined  to  enable  a  whole 
range  of  astrophysics  projects  not  conceived  of  when  the  survey 
was  carried  out. 

2.  SURVEY  GOALS  AND  FOOTPRINT 
2.7.  SEGUE  Goals 

The  original,  five-year  SDSS  program  demonstrated  the 
existence  of  significant  spatial  substructure  in  the  stellar  halo  of 
the  Milky  Way  discovered  from  photometric  data,  from  which 
stellar  distance  estimates  were  obtained  primarily  for  bluer  (A 
and  F)  stars.  These  substructures  cast  doubt  upon  previous 
measurements  of  a  presumed  axially  symmetric  spheroid  stellar 
component  of  the  Galaxy  with  a  smoothly  varying  power-law 
density  structure.  Discovery  of  the  substructure  also  created  a 
tremendous  need  for  follow-up  spectroscopy  of  each  structure, 
so  that  stellar  population  and  orbital  information  for  the  debris 
could  be  determined. 

SEGUE  was  designed  to  sample  the  stellar  spheroid  at 
a  variety  of  distances,  from  a  few  kpc  to  a  hundred  kpc, 
in  200  “pencil  beams,”  spaced  around  the  sky  so  that  they 
would  intersect  the  largest  structures.  At  the  time  SEGUE  was 
designed,  we  knew  about  the  Sagittarius  Dwarf  spheroidal  tidal 
debris  stream  and  the  controversial  Monoceros  stream  in  the 
Galactic  plane.  Both  structures  were  6-10  kpc  across  and  were 
believed  to  extend  all  of  the  way  around  the  Milky  Way.  We 
expected  that  additional  substructure  would  be  discovered,  and 
that  it  was  most  important  to  identify  and  characterize  the  largest 
structures;  without  knowledge  of  the  spatial  variation  of  the 
spheroid  at  10  kpc  scales,  it  was  difficult  to  positively  identify 
smaller  or  lower  surface  brightness  structures. 

SEGUE  augmented  the  photometric  data  from  the  SDSS/ 
Legacy  Surveys  to  sample  the  sky  about  every  15°  across  the  sky, 
in  all  parts  of  the  sky  accessible  from  the  telescope’s  latitude. 
This  included  adding  photometry  at  low  latitudes  (\b\  <  35°) 
and  additional  photometry  in  the  South  Galactic  Cap.  Two 
hundred  pencil  beams  were  selected  for  spectroscopy  because 
these  could  be  arranged  to  sample  the  sky  at  intervals  of  10°-15°, 
and  two  observations  of  each  pencil  beam  could  be  observed  in 
the  three-year  duration  of  SDSS-II. 

Spectroscopic  target  selection  was  designed  to  maximize 
the  science  from  SEGUE  stellar  spectroscopy;  in  particular, 
we  wished  to  study  the  Milky  Way’s  chemical  and  dynamic 
formation  history  and  to  constrain  the  Galaxy’s  gravitational 
potential. 

The  target-selection  strategy  that  was  used  to  achieve  these 
general  goals  devoted  most  of  the  fibers  on  each  pencil  beam 
line  of  sight  to  sampling  the  stellar  populations  of  the  Galaxy 
on  large  (tens  of  kpc)  scales,  including  spheroid  substructure 
and  global  properties  of  the  thin  and  thick  disk  components.  In 


addition,  a  small  subset  of  the  fibers  was  devoted  to  unusual 
stars,  including  those  thought  to  have  low  metallicity  ([M/H] 
<  —2)  or  to  be  otherwise  unusual  based  on  their  colors  and 
velocities  (as  determined  by  photometry  and  proper  motions). 
In  addition,  we  specifically  targeted  star  clusters  with  a  variety 
of  ages  and  metallicities  so  that  this  important  spectral  database 
could  be  well  calibrated. 

To  meet  these  goals,  SEGUE  has  produced  (1)  an  imaging 
survey  of  3500  deg2  of  ugriz  imaging  with  the  SDSS  telescope 
and  camera  (Gunn  et  al.  1998,  2006),  (2)  a  spectroscopic 
catalog  that  spans  the  stellar  population  observable  in  magnitude 
and  Galactic  latitude  range  of  the  data  at  a  resolution  of 
R  ~  1800.  The  spectroscopic  catalog  includes  estimates  for  the 
observational  parameters  (position,  RV,  multicolor  photometric, 
and  spectrophotometric  magnitudes),  as  well  as  the  derived, 
modeled  parameters  (including  [M/H],  surface  gravity,  and 
Jeff)  for  all  observed  stars  in  a  systematic  and  well-calibrated 
fashion. 

2.2.  SEGUE  Imaging 

The  original  SDSS  imaged  most  of  the  North  Galactic  Cap 
plus  three  stripes  of  data  in  the  South  Galactic  Cap;  regions 
of  low  Galactic  latitude  (\b\  <  35°)  were  largely  excluded  by 
design.  The  SEGUE  imaging  footprint  was  designed  to  allow 
the  selection  of  spectroscopic  targets  in  as  broad  a  range  of  sky 
directions  as  possible,  to  enable  study  of  the  important  transition 
zones  between  our  Milky  Way’s  disks  and  stellar  halo,  to  include 
a  large  and  varied  sample  of  Galactic  star  clusters  that  could  be 
used  for  calibration,  and  to  ensure  that  photometric  calibration 
would  be  feasible  (i.e.,  avoid  zones  of  extreme  and  variable 
extinction). 

The  low-latitude  SEGUE  imaging  area  includes  15  2? 5- wide 
stripes  of  data  along  constant  Galactic  longitude,  spaced  by 
approximately  20°  around  the  sky.  These  stripes  probe  the 
Galaxy  at  a  wide  variety  of  longitudes,  sampling  the  changing 
relative  densities  of  global  Galactic  components  (thin  disk,  thick 
disk,  halo).  The  precise  longitudes  of  the  SEGUE  stripes  are 
not  evenly  spaced;  the  /  of  several  stripes  were  shifted  by  up 
to  8°,  so  that  several  known  open  clusters  near  the  Galactic 
plane  could  be  optically  imaged.  We  added  two  stripes  of  data 
in  the  South  Galactic  Cap.  Because  spectra  of  stars  toward 
cardinal  Galactic  directions  (/  near  90°,  180°,  270°,  360°)  are 
important  for  generating  a  simplified  kinematic  analysis  of  a 
very  complex  dynamic  Galaxy,  the  two  SEGUE  stripes  (at 
l  =  94°  and  /  =  178°)  that  nearly  coincide  with  cardinal 
pointings  were  extended  to  give  nearly  complete  pole-to-pole 
imaging  and  more  complete  spectroscopic  plate  coverage  than 
at  other  longitudes.  Where  possible,  the  SEGUE  stripes  were 
designed  to  cross  other  SDSS  imaging  data  at  multiple  locations 
to  facilitate  photometric  calibration. 

Figure  1  shows  the  constant  longitude  and  two  Southern 
imaging  stripes  chosen  to  augment  the  original  SDSS  footprint 
in  the  Equatorial  (top)  and  Galactic  coordinates  (bottom).  We 
sample  the  sky  in  all  directions  that  are  accessible  to  the 
Apache  Point  Observatory;  since  the  observatory  is  at  a  Northern 
latitude  of  32°,  essentially  no  SEGUE  data  is  obtained  with 
the  Equatorial  coordinates  8  <  —20°.  The  Galactic  anticenter 
(8  =  29°)  is  well  sampled,  but  the  Galactic  center  ( 8  =  —29°) 
is  not.  The  stellar  population  of  the  bulge  is  largely  inaccessible 
and  obscured  by  dust  in  this  optical  survey. 

The  SEGUE  imaging  scans  (i.e.,  data  not  associated  with  the 
Legacy  SDSS  Survey)  are  tabulated  in  Table  1.  All  SEGUE 
imaging  was  obtained  between  2004  August  and  2008  January. 
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Figure  1.  SEGUE  Survey  footprint — Upper  panel:  the  SEGUE  Survey  footprint  in  the  equatorial  coordinates  from  360°  to  0°  (left  to  right)  and  —26°  to  90°  (bottom 
to  top).  Selected  stripes  are  labeled  with  their  stripe  number.  The  SDSS  North  Galactic  Cap  stripes  are  numbered  from  9  to  44.  Southern  SDSS  stripes  are  numbered 
76,  82,  and  86.  SEGUE  fills  in  Southern  stripes  72  and  79.  SEGUE’s  constant  Galactic  longitude  stripes  are  numbered  with  stripe  =  1000  +  21  where  /  is  the  Galactic 
longitude.  Each  SEGUE  plate  pointing  (usually  representing  a  pair  of  640  hole  plates),  is  indicated  with  a  blue  circle.  Lower  panel:  the  SEGUE  Survey  (/,  b )  in  Aitoff 
projection,  centered  on  the  Galactic  anticenter.  The  line  marking  the  Southern  limit  of  the  telescope  observing  site  8  =  —20°  is  indicated  in  magenta.  Red  and  green 
filled  areas  represent  South  and  North  SDSS  and  SEGUE  strips,  respectively. 

(A  color  version  of  this  figure  is  available  in  the  online  journal.) 


Note  that  each  SEGUE  stripe  is  2? 5  wide.  Stripes  72  and  79 
follow  standard  numbering  conventions  of  the  original  SDSS 
imaging  survey.  Stripes  with  four-digit  numbers  run  along 
constant  /,  running  for  variable  extents  in  b.  The  formula  for 
converting  the  SDSS  Survey  coordinates  (/z,  v)  for  a  particular 
node  and  inclination  to  the  equatorial  coordinates  J2000  (a,  8) 
may  be  found  in  Stoughton  et  al.  (2002). 

Except  in  regions  of  high  stellar  density,  the  processing  and 
calibration  of  the  SEGUE  imaging  data  are  the  same  as  that 
of  the  SDSS  imaging  data  (Blanton  et  al.  2003a;  Fukugita 
et  al.  1996;  Hogg  et  al.  2001;  Pier  et  al.  2003;  Smith  et  al. 
2002;  Stoughton  et  al.  2002;  Tucker  et  al.  2006).  A  modified 
version  of  the  SDSS  PHOTO  processing  pipeline  software 


(R.  H.  Lupton  et  al.  2010,  in  preparation)  was  combined  with 
the  Pan-STARRS  (Magnier  2006)  object-detection  code,  and 
was  run  on  all  lower  latitude  SEGUE  imaging  scans.  The 
key  modifications  were  (1)  the  PHOTO  code  was  optimized 
for  primarily  stellar  objects  by  truncating  fits  to  the  wings  of 
extended  sources  at  essentially  the  point-spread  function  (PSF) 
radius,  (2)  the  PHOTO  code’s  object  deblender  was  allowed  to 
deblend  groups  of  closely  spaced  objects  into  more  “child” 
objects  than  in  standard  high-latitude  (less  crowded)  SDSS 
fields,  and  (3)  Pan-STARRS  threshold  object-detection  code 
was  used.  This  code  generates  more  complete  object  lists  in 
regions  of  high  stellar  density,  and  was  used  to  supplement 
PHOTO’s  object  detector.  Imaging  scans  which  participated  in 
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Table  1 

SEGUE  Imaging  Area  Stripesa 


Stripeb 

/ 

(°) 

Node 

(°) 

Incl.c 

(°) 

Mstartd 

(°) 

Mend 

(°) 

^start 

(°) 

^end 

(°) 

Area 

(deg2) 

72 

95.000 

-25.000 

311.0 

419.0 

-14.9 

-27.1 

270.0 

79 

95.000 

-7.500 

311.0 

419.0 

-22.4 

-35.3 

270.0 

1020 

10 

60.004 

34.950 

242.3 

277.3 

35.0 

0.0 

87.5 

1062 

31 

98.629 

27.192 

247.4 

312.4 

35.0 

-30.0 

162.5 

1100 

50 

136.813 

31.702 

252.0 

332.0 

35.0 

-45.0 

200.0 

1140 

70 

161.744 

44.754 

257.1 

337.1 

35.0 

-45.0 

200.0 

1188 

94 

178.713 

64.498 

249.1 

384.1 

50.0 

-85.0 

337.5 

1220 

110 

186.882 

78.511 

269.6 

349.6 

35.0 

-45.0 

200.0 

1260 

130 

196.095 

276.287 

33.8 

128.8 

-45.0 

50.0 

237.5 

1300 

150 

205.976 

293.890 

41.1 

121.1 

-45.0 

35.0 

200.0 

1356 

178 

225.998 

316.856 

14.2 

129.2 

-80.0 

35.0 

287.5 

1374 

187 

236.019 

323.166 

66.5 

131.5 

-30.0 

35.0 

162.5 

1406 

203 

261.852 

331.241 

70.5 

135.5 

-30.0 

35.0 

162.5 

1458 

229 

315.139 

328.784 

94.8 

146.8 

-12.0 

40.0 

130 

1540 

270 

176.405 

61.064 

152.8 

187.8 

35.0 

70.0 

87.5 

1600 

300 

191.522 

87.391 

171.7 

198.7 

43.0 

70.0 

67.5 

1660 

330 

25.976 

66.110 

195.0 

230.0 

38.0 

70.0 

80.0 

Notes. 

a  Each  great-circle  scan  of  the  SDSS  camera  is  designated  as  a  strip.  Given  the 
gaps  between  the  CCDs  in  the  camera,  the  2?5-wide  region  in  the  focal  plane 
must  be  imaged  with  two  scans  to  completely  cover  the  area.  The  filled  2?  5 
region  is  called  a  stripe  (see  Stoughton  et  al.  2002). 

b  Stripes  numbered  below  1000  are  part  of  the  Legacy  Survey,  those  numbered 
above  1000  are  special  SEGUE  stripes  (as  can  be  seen  by  the  fixed  Galactic 
longitudes  of  the  SEGUE  stripes). 

c  Inclination  of  stripe  relative  to  the  celestial  equator,  node  is  at  a  =  95°  for 
SDSS  (non-SEGUE)  stripes. 

d  /x  is  the  analog  of  right  ascension  in  the  great-circle  coordinate  system,  v  is 
the  analog  of  declination. 

this  low-latitude  processing  are  tagged  in  the  data  archive  with  a 
rerun  (reprocessing  version)  number  of  648.  This  is  in  contrast 
to  standard  SDSS  and  SEGUE  PHOTO  reprocessing  numbers 
40  ^  rerun  ^  44.  Except  in  regions  of  high  stellar  density,  the 
magnitudes  from  this  version  of  PHOTO  are  interchangeable 
(within  the  errors)  with  the  version  used  to  process  the  rest  of 
the  SDSS  and  SEGUE  imaging  data.  At  high  stellar  density  the 
choice  depends  on  the  needs  of  the  particular  investigation.  Both 
the  PHOTO  PSF  magnitudes  and  the  Pan-STARRS  aperture 
magnitudes  are  available  for  comparison  in  the  DR7  data  archive 
for  low-latitude  regions  of  sky.  We  refer  the  reader  to  the 
DR7  paper  (Abazajian  et  al.  2009)  for  more  discussion  of  this 
reprocessing  of  the  imaging  data,  and  to  the  documentation 
on  the  DR7  Web  site.  At  the  density  extreme,  several  globular 
clusters  present  in  the  SDSS  and  SEGUE  footprints  are  analyzed 
by  An  et  al.  (2008)  using  independent  software  (see  below). 

As  in  SDSS  DR6  (Adelman-McCarthy  et  al.  2008),  the 
zeropoint  photometric  calibration  SEGUE  imaging  has  been 
enhanced  by  the  calibration  procedure  described  in  Padmanab- 
han  et  al.  (2008).  This  procedure  finds  a  simultaneous  global 
fit  for  the  individual  imaging  scans’  photometric  zeropoints, 
extinction  coefficients,  and  flat-field  characteristics  (of  all  30 
SDSS  camera  CCDs),  relying  on  the  overlap  between  SEGUE 
and  SDSS  Legacy  scans  to  improve  the  absolute  zeropoints 
accuracies  in  the  gri  filters  to  <1%  in  most  areas  around 
the  sky. 

2.3.  SEGUE  Spectroscopy 

SEGUE  leveraged  the  unique  features  of  the  SDSS  telescope 
and  spectrographs  (namely  the  ability  to  go  deep  and  wide,  with 


broad  spectral  coverage  and  high  spectrophotometric  accuracy) 
to  acquire  spectra  of  ~ 240, 000  stars  of  a  wide  variety  of 
spectral  types  (from  white  dwarfs  (WDs)  on  the  blue  end  to 
M  and  L  subdwarfs  on  the  red  end),  probing  a  wide  range  of 
distances  (less  than  10  pc  to  greater  than  100  kpc).  The  SDSS 
spectrographs  used  for  SEGUE  are  a  pair  of  highly  efficient 
dual  CCD  camera,  fiber-fed  spectrographs,  with  wavelength 
coverage  from  3900  A  to  9000  A  at  resolving  power  R  ~  1800. 
The  twin  spectrographs  can  simultaneously  record  data  from 
640  fibers  in  a  7  deg2  field  of  view;  7%-12%  of  the  fibers 
are  reserved  for  sky  signal  and  other  calibration  fibers  (such  as 
spectrophotometric  standard  stars,  generally  chosen  from  color- 
selected  F  subdwarfs  with  16  <  g  <  18.5). 

SEGUE  took  spectra  of  stars  in  the  magnitude  range  14  < 
g  <  20.3.  At  g  ~  14,  the  SDSS  spectrographs  saturate  in  a 
300  s  exposure.  Objects  down  to  r  —  18.5  can  be  routinely 
obtained  with  signal-to-noise  ratio  (S/N)  >  30,  sufficient  for 
RVs  good  to  4  km  s-1  and  metallicity  [M/H]  measurements 
accurate  to  0.2  dex  for  a  wide  variety  of  spectral  types  (A-K). 
At  g  ~  20.3,  we  were  able  to  obtain  S/N  ~  3  in  2  hr  integration 
time  under  photometric  conditions  with  seeing  of  2"  or  better 
(all  S/N  quotations  are  per  150  km  s-1  resolution  element). 

Spectroscopic  plate  pointings  sparsely  sample  all  areas  of 
the  sky  with  available  imaging  (Figure  1),  probing  all  the 
major  known  Galactic  structures  (thin  and  thick  disk,  halo,  and 
streams)  with  the  exception  of  the  bulge,  which  is  below  our 
Southern  declination  limit.  To  study  the  detailed  structure  of 
these  Galactic  components,  the  density  of  targets  is  made  high 
enough  that  the  velocity  distribution  of  one  homogeneous  subset 
of  stars  (the  G  dwarfs)  in  one  distance  bin  (an  interval  of  one 
apparent  magnitude)  may  be  determined  to  be  either  consistent 
or  distinct  from  a  Gaussian.  This  requires  at  least  40  targets 
of  one  spectral  type  (G  dwarfs)  per  magnitude  interval  (14th 
through  20th)  per  plate  pointing.  It  is  this  scientific  goal  which 
drives  the  assignment  of  over  300  fibers  per  plate  pair  to  G  star 
candidates  toward  each  SEGUE  line  of  sight. 

The  required  RV  accuracy  is  driven  by  the  scientific  goal 
of  separating  stellar  streams  with  dispersion  o  ~  10  km  s-1 
from  field  disk  and  halo  stars  with  dispersions  of  a  ~  30  and 
100  km  s-1 ,  respectively.  Figure  2  shows  the  actual  relative  RV 
accuracy  obtained  from  SEGUE  spectra  using  quality  assurance 
(QA)  stars.  These  are  simply  stars  at  r  ~  18  that  are  observed 
twice,  once  on  each  of  the  two  plates  that  make  a  complete 
observation  of  a  SEGUE  pencil  beam.  There  are  ~20  such  pairs 
for  every  pencil  beam.  We  restrict  our  QA  sample  to  those 
with  S/N  >  10.  RVs  are  measured  by  cross-correlating  each 
spectrum  against  a  set  of  ~900  selected  templates  taken  from  the 
ELODIE  high-resolution  spectroscopic  survey  (Moultaka  et  al. 
2004).  The  ELODIE  templates  span  a  wide  range  of  spectral 
types  and  metallicities.  Very  early  and  very  late  types,  however, 
are  nearly  absent.  We  note  that  the  correlation  is  done  by  shifting 
each  spectrum  repeatedly,  stepping  through  wavelength  space 
(rather  then  via  fast  Fourier  transform  techniques),  and,  while 
time  consuming,  this  appears  to  result  in  somewhat  higher 
accuracy.  The  top  panel  shows  the  measured  RV  difference 
histogram  between  all  QA  stars  and  a  second  observation 
of  the  same  stars  on  a  different  plate.  Individual  errors  are 
cr  ~  4.4  km  s-1.  The  lower  panel  shows  how  the  RV  accuracy 
degrades  with  color  and  S/N:  in  general  bluer  objects  have 
worse  RV  errors  than  red,  with  blue  horizontal  branch  stars 
(BHBs)  and  their  broad  Balmer  lines  being  hardest  to  measure 
accurately.  We  expand  on  the  content  of  Figure  2  in  Table  2, 
where  we  order  the  set  of  spectra  with  multiple  independent 
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Figure  2.  SEGUE  RV  accuracy — the  top  panel  shows  the  histogram  of  differences  in  spectroscopic  pipeline  measurements  of  RV  for  two  separate  observations  of  the 
same  star  on  different  survey  SEGUE  plates  for  2200  stars  with  r  ~  18  and  S/N  >  10.  The  quoted  sigma  is  divided  by  \fl  to  estimate  the  measurement  error  for  a 
single  observation.  The  red  curve  is  the  best-fit  Gaussian,  it  has  a  mean  offset  of  <0.3  km  s-1  and  a  =  4.4  km  s_1 .  Lower  panel:  RV  accuracy  by  S/N  and  ( g  —  r) o 
color.  The  color  code  is  magenta:  ( g  —  r) o  <0.1  (BHB/BS/A),  blue:  0.1  <  (g  —  r) o  <  0.3  (F),  green:  0.3  <  (g  —  r) o  <  0.48  (F/G),  cyan:  0.48  <  (g  —  r) o  <  0.55 
(G),  orange:  0.55  <  (g  -  r)0  <  0.75  (G/K),  and  red:  0.75  <  (g  -  r)0  <  1.0  (K). 


Table  2 

Velocity  Errors  by  Color  and  S/N  Quartile 


(g  -  r)0 
(mag) 

N 

go 

Qi 

(S/N) 

cr 

(km  s-1) 

go 

Q2 

(S/N) 

cr 

(km  s-1) 

go 

Q3 

(S/N) 

cr 

(km  s-1) 

go 

Q4 

(S/N) 

cr 

(km  s-1) 

(g  ~  r)o  <  0.10 

488 

19.3 

6.8 

23.9 

17.4 

15.7 

9.5 

16.6 

29.1 

6.3 

15.3 

54.4 

4.2 

0.1  <  (g  -  r) o  <  0.30 

2504 

19.5 

7.6 

18.0 

17.7 

16.1 

7.6 

16.9 

30.0 

4.7 

16.0 

54.2 

3.1 

0.3  <  (g  —  r) o  <  0.48 

2600 

19.0 

9.9 

11.4 

17.5 

21.6 

5.1 

17.0 

35.7 

3.4 

16.2 

61.7 

2.3 

0.48  <(g-  f) o  <  0.55 

4348 

19.1 

8.4 

9.0 

17.8 

21.1 

3.9 

17.1 

36.4 

2.7 

16.0 

62.2 

2.0 

0.55  <  (g  -  r) o  <  0.75 

2260 

19.0 

8.7 

7.6 

18.1 

17.7 

4.1 

16.9 

29.9 

2.8 

16.1 

58.5 

2.3 

0.75  <(g-  r) o  <  1.00 

700 

19.7 

6.7 

6.6 

18.7 

12.6 

3.6 

16.7 

24.8 

2.8 

16.2 

64.6 

1.9 

observations  of  the  same  object  by  S/N  and  divide  the  data 
for  each  of  the  six  color  ranges  into  four  quartiles.  For  each 
color  range  from  blue  to  red,  we  tabulate  N  and  list  by  quartile 
the  average  (dereddened)  magnitude  go,  average  S/N,  and  the 
la  velocity  error  (divided  by  \fl  to  compensate  for  the  fact 
that  we  have  two  independent  measurements).  The  errors  are 
well  behaved  as  S/N  decreases  from  >50  to  <10.  We  do  not 
characterize  velocity  errors  for  extreme  spectral  types  (WDs  on 
the  blue  end  and  late  M  and  L  type  stars  on  the  red  end),  as  these 
samples  have  very  large  systematic  errors,  due  to  very  broad 
spectral  features  and  a  lack  of  standard  templates  with  which 
to  cross-correlate.  Follow-up  reductions  of  the  SEGUE  spectra 
will  include  synthetic  templates  for  deriving  velocities  for  stars 
with  unusual  Carbon  enhancement  (S.  Thirupathi  2008,  private 
communication). 

One  component  of  the  total  RV  error  is  the  systematic  error 
in  zeropoint  of  each  plate.  The  scatter  in  that  offset  between 
plates,  measured  from  the  mean  offset  of  the  QA  stars  for  each 
pencil  beam,  has  zero  mean  and  standard  deviation  1.8  km  s_1. 
This  scatter  of  1.8  km  s-1  contributes  to  the  RV  uncertainty  of 
all  SEGUE  stars,  and  sets  the  lower  bound  of  our  RV  errors. 
To  check  the  overall  zeropoint  of  the  RV  calibration  we  used 
a  set  of  100  bright  field  stars  observed  both  with  SEGUE  and 
at  higher  resolution  on  the  Hobby-Eberly  telescope  (Allende 
Prieto  et  al.  2008).  SEGUE  spectra  of  stars  in  the  outskirts  of 


globular  clusters  with  known  RV  also  provided  checks  on  the 
RV  zeropoint.  This  analysis  resulted  in  an  offset  of  7.3  km  s-1 
with  very  small  scatter.  This  7.3  km  s-1  offset  was  applied  to 
SEGUE  RVs  (but  not  to  the  z  redshift  measurements  directly 
from  the  spectroscopic  pipelines)  in  the  final  DR7  catalog.  The 
origin  of  these  systematics  are  not  completely  understood,  but 
they  are  thought  to  be  associated  with  telescope  flexure  or  night 
sky  line  fitting  errors  when  computing  wavelength  solutions 
for  each  merged  SEGUE  plate,  which  consists  of  a  numbers 
of  exposures  taken  over  several  hours,  often  spanning  multiple 
nights  (see  below). 

Our  scientific  goals  require  that  for  a  large  fraction  of  the 
stars  with  g  <  18.5,  sufficient  S/N  be  obtained  so  it  is  possible 
to  reliably  estimate  the  metallicities  [M/H]  and  luminosity 
classes  (dwarf  vs.  subgiant  vs.  giant)  for  stars  of  spectral  types 
A-M  well  enough  to  separate  stream  stars  from  field  disk 
populations  from  halo  populations.  An  S/N  >  10  is  required 
to  measure  these  stellar  atmospheric  parameters,  with  more 
accurate  measurements  at  higher  S /N.  This  drove  the  integration 
time  for  the  SDSS  spectrographs  to  about  2  hr  for  a  g  =  18.5 
object  and  1  hr  for  a  g  =  17  object. 

The  actual  SEGUE  spectroscopic  survey  selected  pointings 
are  shown  as  blue  circles  in  Figure  1.  There  are  212  SEGUE 
pointings  on  the  sky,  all  listed  in  Table  3.  These  pointings 
are  divided  into  the  following  categories:  (1)  “Survey,”  172 
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Table  3 

List  of  SEGUE  Plate  Pairs 


pid 

bplate 

fplate 

bmjd 

fmjd 

stripe 

<*J2000 

<5j2000 

l 

b 

E(B  —  V) 

Version 

Category 

153 

2668 

2672 

54084 

54085 

1374 

79.49 

16.61 

187.00 

-12.00 

0.46 

v4.2 

LLSurvey 

065 

2300 

2302 

53682 

53709 

1300 

82.64 

62.07 

150.00 

15.00 

0.25 

v3.2 

Survey 

040 

2052 

2072 

53401 

53430 

82 

83.20 

0.00 

203.68 

-17.42 

0.26 

v3.0 

Survey 

231 

*2887 

2912 

54495 

54499 

1374 

91.30 

23.40 

187.00 

1.00 

0.77 

v4.6 

Calib  Cluster 

133 

2540 

2548 

54110 

54152 

1260 

91.83 

83.51 

130.00 

25.71 

0.06 

v4.0 

Survey 

064 

2299 

2301 

53711 

53712 

1300 

92.63 

64.25 

150.00 

20.00 

0.11 

v3.2 

Survey 

260 

2941 

2946 

54507 

54506 

38 

111.29 

37.62 

180.89 

22.44 

0.05 

v4.6 

Mon  Strm 

036 

2053 

2073 

53446 

53728 

37 

112.51 

35.99 

182.90 

22.87 

0.06 

v3.0 

Survey 

Notes. 

*  Plate  obtained  in  bright  moon,  velocities  off  by  up  to  10  km  s_1 . 

(This  table  is  available  in  its  entirety  in  machine-readable  and  Virtual  Observatory  (VO)  forms  in  the  online  journal.  A  portion  is  shown  here  for  guidance 
regarding  its  form  and  content.) 


approximately  evenly  spaced  pointings  around  the  SDSS  and 
SEGUE  imaging  area,  separated  by  no  more  than  20°  from  the 
next  nearest  pointing,  sampling  all  directions  without  regard 
for  known  structures  or  streams;  (2)  “LLSurvey,”  12  pointings 
at  low  latitude,  where  a  separate  target- selection  algorithm  is 
used  that  functions  even  in  highly  reddened  lines  of  sight; 
(3)  “Strm,”  16  pointings  toward  five  previously  discovered 
stream-like  structures  around  the  halo  of  the  Milky  Way, 
such  as  the  Sagittarius  or  Orphan  streams;  (4)  “Cluster,”  12 
pointings  toward  known  globular  or  open  clusters  of  known 
[M/H]  for  purposes  of  calibrating  the  metallicity  and  luminosity 
pipelines;  and  (5)  “Test,”  five  early  SEGUE  pointings  to  test  the 
target- selection  algorithms  at  a  variety  of  latitudes  and  to  test 
the  RV  accuracy  of  the  survey.  Six  pointings  are  duplicated. 
Note  that  a  significant  fraction  of  SEGUE  spectroscopy  relies 
upon  the  SDSS  Legacy  Survey  imaging  in  the  North  Galactic 
Cap. 

A  SEGUE  (and  SDSS)  spectroscopic  plate  is  a  circular  disk  of 
machined  aluminum,  with  a  diameter  of  0.75  m,  corresponding 
to  an  angular  on-the-sky  radius  of  1?49.  A  small  hole,  holding 
one  fiber,  is  drilled  at  the  position  of  each  object  of  interest.  Each 
plate  may  have  up  to  640  object  holes,  which  are  fed  to  twin 
320-fiber  spectrographs.  Target  holes  are  restricted  to  being  no 
closer  together  than  55"  on  the  sky  (Stoughton  et  al.  2002).  The 
total  area  of  each  plate  is  approximately  7  deg2  on  the  sky. 

Because  there  are  many  more  than  640  stars  per  7  deg2  to 
g  =  20.3  and  because  the  SEGUE  magnitude  limits  14  < 
g  <  20  span  more  than  a  factor  of  100  in  apparent  brightness, 
we  observe  each  SEGUE  pointing  with  two  SDSS-style  plates, 
each  with  a  maximum  of  640  fibers.  Recall  that  for  SDSS 
extragalactic  observations,  only  one  plate  at  each  position  was 
designed,  to  match  the  sampling  of  approximately  100  galaxies 
per  square  degree  for  objects  with  rextended  <  17.77. 

One  plate  of  the  pair  is  called  the  SEGUE  bright  (or  SEGUE 
regular)  plate,  and  consists  of  holes  targeting  stars  with  14.0  < 
r  <  17.8,  exposed  for  typically  1  hr.  The  bright  magnitude  limit 
is  set  by  the  saturation  of  the  spectrographs  for  a  300  s  exposure, 
as  well  as  cross-talk  considerations  between  the  brightest  and 
faintest  objects  in  adjacent  fibers  on  a  given  plate.  The  second 
plate  of  640  fibers,  designated  the  SEGUE  faint  plate,  primarily 
consists  of  stars  with  17.8  <  r  <  20.1,  exposed  for  a  total  of 
typically  2  hr. 

About  20  stars  per  pointing  with  r  ~  1 8  are  targeted  twice, 
on  both  the  bright  and  faint  plates.  These  objects  are  called  QA 
objects,  and,  as  mentioned  above,  are  used  to  determine  the 
systematic  reproducibility  of  RVs  and  other  derived  parameters 
from  plate  to  plate. 


For  the  special  case  of  “Cluster”  plates,  where  it  is  desired 
to  obtain  spectra  of  bright  nearby  globular  cluster  giant  branch 
stars  for  calibration,  the  SDSS  spectrograph  saturation  limit  is 
extended  by  taking  short  (1-2  minute)  exposures,  allowing  one 
to  sample  stars  as  bright  as  g  ~  11.  These  short  exposures, 
however,  have  little  sky  signal,  and  it  is  thus  difficult  to  do  an 
accurate  wavelength  calibration.  This  is  because  the  final  step  in 
the  calibration  process  depends  on  using  the  positions  of  fixed, 
known  night  sky  lines  such  as  Hg,  Na,  and  [O  i]. 

The  bright  plates  have  32  fibers  reserved  for  blank  sky 
and  16  reserved  for  spectrophotometric  standards;  the  faint 
plates  have  64  fibers  reserved  for  blank  sky  and  16  fibers 
reserved  for  spectrophotometric  standards.  This  approach  leaves 
approximately  1152  fibers  available  for  science  targets  in  each 
7  deg2  pointing.  The  number  of  sky  fibers  was  determined 
by  the  need  to  maximize  target  S/N  in  fiber-fed  multi-object 
spectrographs,  as  discussed  in  Wyse  &  Gilmore  (1992).  The 
spectrophotometric  standards  (primarily  halo  F  subdwarfs)  from 
SEGUE  and  the  SDSS  Survey  constitute  a  valuable  sample  in 
themselves  for  numerous  Galactic  structure  studies  (Allende 
Prieto  et  al.  2006;  Carollo  et  al.  2007). 

Altogether,  there  are  416  plates  in  the  SEGUE  database;  all 
but  17  of  the  212  SEGUE  pointings  have  a  bright  and  faint  plate 
of  ~576  targets  each.  Individual  10-30  minute  exposures  were 
obtained,  sometimes  on  successive  nights,  until  the  desired  S/N 
for  each  SEGUE  plate  was  reached.  All  common  exposures  for 
a  given  plate  and  plugging  (fibers  are  plugged  into  the  metal 
plates  by  hand  and  the  plugged  plates  can  be  moved  into  and  out 
of  the  focal  plane  as  many  times  as  necessary  to  reach  a  desired 
S /N  value)  were  combined  and  uniquely  identified  by  four-digit 
plate  number  and  by  the  Modified  Julian  Date  (MJD)  of  the 
last  night  on  which  a  given  plate-plugging  was  observed.  The 
plate  names  and  identifying  observation  dates  (MJDs)  are  all  in 
Table  3.  The  total  number  of  unique  SEGUE  spectra  is  approx¬ 
imately  240,000. 

SEGUE  spectra  are  processed  with  the  same  basic  pipelines 
used  to  process  the  SDSS  data  (Stoughton  et  al.  2002).  The 
pipelines  have  been  modified  slightly  to  enhance  the  RV 
accuracy  of  stellar  spectra.  It  should  be  noted  that  a  handful  of 
SEGUE  plates  were  obtained  under  moon  illumination  fractions 
of  greater  than  0.85,  and  a  careful  analysis  indicates  that  the 
wavelength  solutions  of  these  10  plates  are  systematically  off 
by  as  much  as  10  km  s-1.  These  plates  are  marked  in  Table  3 
with  asterisks. 

In  addition  to  the  standard  extraction  and  RV  reduction 
pipelines  of  SDSS,  the  SEGUE  plates  have  been  processed 
through  an  additional  “SEGUE  Stellar  Parameters  Pipeline” 
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Table  4 

SSPP  Flags 


Flag 

Meaning 

n 

All  is  normal  for  this  flag  position 

d 

Possible  WD 

D 

Apparent  WD 

E 

Emission,  possible  QSO 

h 

Helium  line  detected 

H 

Apparent  Teff  too  Hot  for  parameter  est. 

1 

Sodium  line,  possibly  late  type 

N 

Noise  spectrum 

S 

Sky  fiber — no  signal 

V 

RV  mismatch 

c 

Color  mismatch  (spectroscopic  color  Teff  far  from  implied 
(g  ~  r)0  color  Teff) 

B 

Balmer  flag:  unusual  Balmer  eq.  widths  for  star 

g 

g  band:  unusual  G-band  eq.  width  for  star-Carbon  star? 

G 

Carbon  star? 

(SSPP)  that  estimates  the  metallicity  [M/H],  surface  gravity 
(logg),  and  effective  temperature  Jeff,  along  with  associated 
errors,  for  each  star  with  sufficient  S/N.  Details  of  the  design, 
operation,  and  error  analysis  of  the  SSPP  as  run  on  SEGUE 
spectra  are  described  in  Lee  et  al.  (2008a,  2008b)  and  Allende 
Prieto  et  al.  (2008).  The  uncertainties  in  the  SSPP  parameters 
were  determined  by  analysis  of  star  clusters  with  known 
metallicities,  reddenings,  and  distances  and  by  comparison  of 
SSPP-derived  parameters  with  parameters  derived  from  higher 
resolution  spectra  of  the  same  sample  of  field  stars.  For  spectra 
with  S/N  >  30,  which  are  usually  obtained  for  stars  with  g  < 
18.5,  the  errors  are  cr  ([M/H])  ~  0.2  dex,  o' (log  g)  ~  0.3  dex, 
and  a(7eff)  ~  200  K.  These  uncertainties  are  valid  for  stars 
with  reff  between  4500  K  and  8500  K.  For  stars  outside  this 
temperature  range,  and  for  stars  of  lower  S/N,  atmospheric 
parameters  are  still  computed,  but  with  appropriately  higher 
error  estimates.  Table  4  contains  a  list  of  SSPP  quality  flags 
which  are  set  for  every  spectrum.  These  flags,  when  set,  indicate 
something  unusual  about  a  given  spectrum,  i.e.,  one  with 
unusually  strong  B aimer,  Mg  or  Na  lines,  or  one  where  there 
is  a  mismatch  between  the  photometric  color  (derived  from  the 
(g  —  r)  o  color),  and  the  spectroscopic  type  of  the  star.  Within  the 
context  of  DR7,  a  practical  quality  cut  used  to  select  only  stars 
(and  avoid  galaxies,  quasars,  and  low- S/N  spectra  of  the  sky) 
is  to  insist  that  a  given  spectrum  has  the  error  on  the  ELODIE 
template  cross-correlation  RV  elodierverr  strictly  >  0. 

3.  TARGET  SELECTION  BY  CATEGORY 
3.1.  General  SEGUE  Target-Selection  Principles 

SEGUE  targets  are  selected  primarily  from  photometry  in 
the  ugriz  SDSS  filter  system  (Fukugita  et  al.  1996).  For  a  few 
categories  (cool  WD,  K  giant,  and  M  subdwarf  candidates), 
the  presence  (or  absence)  and  amplitude  of  a  proper  motion 
measurement  from  a  match  to  an  astrometric  catalog  (Munn 
et  al.  2004;  Lepine  2008)  is  also  used. 

The  broad  science  goal  of  characterizing  large-scale  stellar 
structures  in  the  Galaxy,  combined  with  the  specific  goal  of 
studying  halo  streams,  informed  the  target- selection  algorithms’ 
design.  The  additional  goals  of  finding  rare  but  scientifically 
interesting  samples  of  objects  of  unusually  low  metallicity,  odd 
spectral  type,  or  extreme  kinematics  were  also  factors. 

The  variety  of  science  goals  dictated  a  target-selection  al¬ 
gorithm  that  sampled  stars  at  a  variety  of  distances,  favoring 


those  at  large  distances.  The  SEGUE  Survey  targets  objects  at 
a  variety  of  colors  and  apparent  magnitudes  to  probe  distances 
from  10  pc  (with  WDs  and  M  and  K  dwarfs)  to  the  outer  halo 
at  d  ~  100  kpc  (with  BHB  and  red  K  giant  stars).  At  inter¬ 
mediate  distances,  a  target- selection  category  denoted  “G  star” 
(which  contains  some  G  IV  subgiants)  is  sampled  over  the  en¬ 
tire  SEGUE  magnitude  range  14.5  <  r0  <  20.2,  and  effectively 
probes  the  thick  disk  to  inner  halo  transition  region  around  the 
Galaxy  with  a  large,  unbiased  sample. 

SEGUE  targets  were  divided  into  15  different  target  cate¬ 
gories,  which  spanned  the  range  from  the  bluest  (WD)  to  reddest 
(spectral  type  L  brown  dwarfs).  Table  5  lists  the  SDSS/SEGUE 
Primary  target  bit  in  hexadecimal  in  Column  3.  A  search  of 
the  database  may  be  done  for  objects  with  Primtarget  match¬ 
ing  these  bits  in  the  SpecObjAll  table  of  the  CAS  (see  below). 
The  fourth  column  of  Table  5  lists  the  magnitude,  color,  and 
proper  motion  cuts  for  each  target  type.  When  more  stars  than 
fibers  in  a  given  category  are  available  for  targeting,  weight¬ 
ing  mechanisms  are  used  to  subselect  from  candidates  within 
a  given  category.  These  weighting  mechanisms  generally  were 
designed  to  randomly  subselect  from  all  possible  stars  in  a  given 
category  in  a  given  7  deg2  field,  with  the  probability  of  selection 
weighted  by  either  magnitude  (favoring  brighter  objects  over 
fainter)  or  by  color  (favoring  blue  objects  over  red,  except  in  the 
case  of  K  giants).  The  colors  used  for  target  selection  were  in 
some  cases  generalized  linear  combinations  of  the  SDSS  ugriz 
generated  colors.  These  generalized  colors  were  designed  to 
run  parallel  to  or  perpendicular  to  the  color-color  space  stellar 
locus  of  (dereddened)  Galactic  stars  (Lenz  et  al.  1998;  Helmi 
et  al.  2003).  There  is  a  maximum  number  of  targets  accepted  in 
any  given  pointing  in  each  category  (see  Column  5  of  Table  5 
which  lists  the  maximum  number  of  targets  allowed  per  point¬ 
ing,  the  approximate  total  number  targeted  by  category  during 
SEGUE,  and  a  rough  estimate  of  the  fraction  of  the  spectra  in 
each  category  that  turn  out  to  be  of  the  type  that  was  targeted). 

The  SEGUE  target- selection  algorithms  were  not  perfected 
immediately,  and  for  some  of  the  categories,  several  versions  of 
the  algorithm  exist,  as  indicated  in  Column  2  of  Table  5.  The 
final  version  of  SEGUE  target  selection  is  designated  v4.6,  with 
earlier  revisions  having  lower  version  numbers.  The  significant 
changes  from  earlier  versions  of  the  target-selection  cuts  for 
each  target  type  are  tabulated,  also  in  Table  5.  Table  6  indicates 
the  range  of  SEGUE  plate  numbers  which  correspond  to  each 
version  of  SEGUE  target  selection. 

In  general,  colors  of  all  objects  are  dereddened  by  their 
full  Schlegel  et  al.  (1998)  extinction  value  before  applying 
the  various  target-selection  cuts  described  in  Table  5  and 
below.  Exceptions  to  this  are  the  white  dwarf/main- sequence 
(WD/MS)  binary,  the  esdM,  and  the  legacy  brown  dwarf  and 
legacy  WD  categories,  where  applying  the  full  dust  correction, 
assuming  the  star  lies  behind  the  dust  screen,  is  not  correct,  and 
thus  uncorrected  colors  are  preferred. 

For  each  pointing,  candidate  lists  of  all  objects  which  match 
the  color  and  reduced  proper  motion  cuts  for  each  of  the  15 
categories  are  generated.  Each  of  the  15  candidate  lists  is  then 
sorted,  usually  randomly,  but  by  magnitude  in  some  cases  (red  K 
giants,  low-metallicity  categories).  After  guide  stars,  blank  sky 
patches  and  spectrophotometric  and  reddening  standards  are 
assigned  hole  positions  on  each  plate,  science  target  assignment 
begins  in  a  round-robin  fashion:  the  lists  of  possible  objects 
in  each  of  the  15  categories  are  examined  in  turn  and  the 
first  object  in  each  list  is  assigned  a  fiber  (assuming  no  55" 
collision  with  prior  targets).  After  selecting  a  target  from  the 
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Table  5 

SEGUE  Selection  by  Target  Type 


Target  Type 

Version 

PrimTargBits 

Mag, Color, PM  Cuts 

Num/PP,Cand.,f 

WD/sdO/sdB 

v4.6 

0  x  80080000 

g  <  20.3,  —  1  <  g  —  r  <  —0.2,  —  1  <  m  —  g  <  0.7,  u  —  g  +  2 (g  —  r)  <  —0.1 

25,4069,0.62 

v3.0 

—  1  <  m  —  g  <  0.7,  m  —  g  +  2(g  —  r)  <  —0.1 

v2.0 

g  <  20.3,  —  1  <  g  —  r  <  0.2,  —  1  <  m  —  g  <  0.5 

CWD 

v4.6 

0  x  80020000 

r  <  20.5,  —2<g  —  i  <  1.7b,  Hg  >  16.05  +  2.9 (g  -  i) 

10,1187,0.005 

v3.1 

Allowed  number  of  targets/pointing  to  exceed  10  on  occasion 

v3.0 

r  <  20.5,  —  2  <  g  —  i  <  1.7,  Hg  >  16.05  +  2.9(g  —  /) 

v2.0 

15  <  r20,  —  0.1  <  g  —  r  <  1.1,  g  —  r  >  2.4(r  —  /)  +  0.5,  i  —  z  <  0 

BHB/BS/A 

v4.6 

0  x  80002000 

g  <  20.5,  0.8  <  u  —  g  <  1.5,  —0.5  <  g  —  r  <  0.2,  ucweight 

150,24688,0.66 

v3.3 

Added  v  “Luminosity  color”  weighting 

v3.2 

Sort  by  color,  favor  bluest  BHBs 

v3.0 

0.6  <  u  —  g  <  1.4,  —  0.5  <  g  —  r  <  0.2 

v2.0 

g  <  20.5,  0.5  <  u  —  g  <  1.4,  —  0.8  <  g  —  r  <  0.2,  s  <  —0.065 

F 

v4.6 

0  x  80100000 

g  <  20.3,  -0.7  <  Pl(s)d  <  -0.25,  0.4  <  u  -  g  <  1.4,  0.2  <  g  -  r  <  0.7 

200,37900,0.68 

v3.0 

—0.7  <  Pl(s)  <  —0.25,  0.4  <  m  —  g  <  1.7,  0.2  <  g  —  r  <  3 

v2.0 

g  <  20.3,  -  0.7  <  Pl(s)  <  -0.3,  0.4  <  u  -  g  <  1.7,  -  0.3  <  g  -  r  <  3 

Low  Metal 

v4.6 

0  x  80010000 

r  <  19,  -0.5  <  g-r  <  0.75,  0.6  <  u  -  g  <  3.0,  /e  >  0.135 

150,29788,0.12 

v3.4 

Changed  /-color  cut  to  l  >  0.135 

v3.3 

Changed  /-color  cut  to  /  >  0.15 

v3.1 

Weighted  by  /-color  and  magnitude  (bright  targets  favored) 

v3.0 

r  <  19.5,  -  0.5  <  g  -  r  <  0.75,  /  >  0.12 

v2.0 

r  <  20.2,  —  0.5  <  g  —  r  <  0.9,  0.3  <  u  —  g  <  3,  /  >  0.15 

F/G 

v4.6 

0  x  80000200 

g  <  20.2,  0.2  <  g  —  r  <  0.48 

50,6939,0.9 

v3.3 

First  appearance  of  F/G  category 

G 

v4.6 

0  x  80040000 

r  <  20.2,  0.48  <  g  —  r  <  0.55 

375,62784,0.96 

v3.0 

0.48  <  g-r  <  0.55 

v2.0 

r  <  20.2,  0.50  <  g  —  r  <  0.55 

K  giant 

v4.6 

0  x  80004000 

r<  18.5,0.5  <g-r<  0.8 
/e  >  0.07,  pm  <11  mas  yr_1 

70,16866,0.3 

v4.2 

g  <  19.5,  0.5  <  g  —  r  <  0.9 

v3.0 

0.35  <  g  —  r  <  0.8,  /  >  0.07,  pm  <11  mas  yr_1 

v2.0 

r  <  20.2,  0.7  <  m  —  g  <  4,  0.4  <  g  —  r  <  1.2,  0.15  <  r  —  i  <  0.6,  /  >  0.1 

vt.t 

r  <  20.2,  0.5  <  g  —  r  <  1.3 

Red  K  giant 

v4.6 

0  x  80004000 

r  <  18.5,  0.8  <  g  —  r  <  1.2,  pm  <  5mas  yr_1 

30,5948,0.08 

v4.4 

g  <  18.5,  weight  brighter,  redder  objects  higher 

v4.3 

g  <  19.5,  0.9  <  g  —  r  <  1.2 

AGB 

v4.6 

0  x  80800000 

r  <  19.0,  2.5  <  m  —  g  <  3.5,  0.9  <  g  —  r  <  1.3,  sf  <  —0.06 

10,1343,0.08 

dK,  dM 

v4.6 

0  x  80008000 

r  <  19,  0.55  <  g  —  r  <  0.75 

50,18358,0.80 

v3.0 

r  <  19.0,  0.55  <  g  -  r  <  0.75,  0.3  <  r  -  i  <  0.8 

v2.0 

r  <  19.5,  g  -  r  >  0.7,  0.3  <r-i<  0.8 

sdM 

v4.6 

0  x  80400000 

r  <  20,  g  —  r  >  1.6,  0.9  <  r  —  i  <  1.3 

25,1012,0.003 

esdMa,g 

v4.6 

0  x  81000000 

(g  -  r)0.787  -  0.356>(r  -  /),  r  -  i  <  0.9,  Hr  >  17,  2.4  >  g  -  /  >  1.8 

40,9420,0.20 

WD/MSa 

v4.6 

0  x  80001000 

g  <  20,  (m  —  g)  <  2.25,  —  0.2  <  g  —  r  <  1.2,  0.5  <  r  —  i  <  2.0 

5,431,0.56 

g  -  r  >  — 19.78(r  -  /)  +  11.13,  g  -  r  <  0.95(r  -  /)  +  0.5 

i  —  z>  0.5  for  r  —  i  >  1 

i  —  z>  0.68  (r  —  /)  —  0.18  for  r  —  i  <  1 

v3.4 

Algorithm  uses  nondereddened  colors 

v3.3 

First  appearance  MS/WD  category 

Lh 

v4.6 

0  x  80200000 

z  <  19.5,  i  —  z>  1.7 

5,1277,0.07 

M  >  21 

v3.0 

Hi-z  QSO  style  flag  checks  added 

LL  Blue1 

v4.6 

0  x  80000800 

g  —  r  <  0.25 

800,8522,0.3 

v4.0 

First  appearance  all  low-latitude  algs 

LL  AGB 

v4.6 

0  x  88000000 

sf  >  —0.13,  3.5  >  m  —  g  >  2.6,  0.8  <  g  —  r  <  1.3 

50,499,0.3 

LL  Kill 

v4.6 

0  x  80000400 

0.55  <  g  —  r  <  0.9,  g  <  19,  pm  <11  mas  yr_1 

300,3220,0.3 

Notes. 

a  For  this  category,  colors  and  magnitudes  are  NOT  dereddened. 
b  If  neighbor  with  g  <  22  within  7'  ' ,  else  g  —  /  <  0.12. 

c  v  =  —0.283 (m  —  g)  —  0.354 (g  —  r)  +  0.455(r  —  /)  +  0.766(7  —  z),  —0.3  <  g  —  r  <  0.1,  gravity  sensitive  color  for  BHB/BS  separation. 
d  Pl(s)  =  0.91(w  -  g)  +  0.415(g  -  r)  -  1.28. 

e  l  =  —0.436m  +  1.129g  -  0.1 19r  -  0.574/  +  0.1984,  0.5  <  g  -  r  <  0.8. 
f  5  =  -0.249m  +  0.794g  -  0.555r  +  0.234. 
g  The  quoted  color  cuts  are  approximate. 
h  Additional  flag  checks  are  performed. 

1  This  cut  varies  with  reddening. 
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Version 

Plate  Range 

vt.t 

1660-1858 

v2.0 

1880-1919 

v2.1 

1960-1963 

v3.0 

2038-2077 

v3.1 

2147-2163 

v3.2 

2174-2302 

v3.3 

2303-2338 

v3.4 

2377-2476 

v4.0 

2534-2549 

v4.2 

2550-2741 

v4.3 

2796-2837 

v4.4 

2848-2877 

v4.6 

2887-2965 

fifteenth  category,  the  algorithm  returns  to  the  first  category 
and  the  process  repeats  until  all  fibers  are  assigned.  Categories 
are  eliminated  from  consideration  for  target  assignment  when 
they  reach  their  maximum  fiber  allocation  or  when  there  are 
no  more  candidates  on  a  given  list.  This  allows  the  categories 
with  only  a  few  targets  per  plate  pair  (cool  WD,  sdM,  brown 
dwarf)  to  always  have  their  candidates  targeted,  while  several 
large  categories  (BHB,  F,  low-metal  candidates,  G,  K  giant)  take 
up  the  bulk  of  the  fibers  on  each  plate  pair. 

The  overall  picture  of  where  target  categories  are  located  in 
color  and  proper  motion  space  is  shown  in  Figure  3.  The  (g  —  r)0 
optical  color  can  be  used  as  proxy  for  effective  temperature,  and 
it  provides  a  reasonable  estimate  of  spectral  type.  For  a  star  with 
proper  motion  /x  in  arcsec  yr-1,  we  define  a  reduced  proper 
motion  in  the  g  filter:  Hg  =  g  +  51o g/x  +  5. 

Targets  are  selected  as  PRIMARY  detections  (duplicates  and 
objects  from  overlapping  scans  removed)  of  objects  in  the  DR7 
database  with  stellar  (not  extended)  PSFs  (the  “STAR”  table 
in  the  database).  Candidates  are  required  to  pass  the  following 
SDSS  flag  cuts  on  the  quality  of  their  photometric  imaging 
data.  Objects  must  not  be  saturated  (flag  bit:  SATURATED), 
must  be  close  to  the  EDGE,  must  not  have  an  interpolated 
PSF  (INTERP_PSF),  and  must  not  have  an  inconsistent  flux 
count  (BADCOUNTS).  In  addition,  if  the  center  is  interpolated 
(INTERP_CENTER),  there  should  not  be  a  cosmic  ray  (CR)  hit 
indicated.  These  flags  are  set  by  the  PHOTO  pipeline  for  every 
object,  and  details  on  all  possible  flags,  and  their  meaning  can 
be  found  on  the  SDSS  Web  site:  http://www.sdss.org.  A  few 
categories  below,  such  as  the  L  brown  dwarf  category,  require 
stricter  flag  cuts. 

We  now  give  details  of  each  target- selection  algorithm  by 
category,  as  summarized  in  Table  5,  and  present  representative 
spectra  of  the  various  target  types.  The  sample  spectra  are 
plotted  with  flux  in  units  of  10“ 17  erg  cm-2  s-1  A  on  the 
y-axis  versus  wavelength  in  A  on  the  v-axis.  If  more  than  one 
spectrum  appears  in  a  plot,  then  additional  spectra  are  offset 
by  an  arbitrary  amount  for  readability.  Spectra  are  smoothed 
from  1.5  to  three  150  km  s-1  resolution  elements,  depending  on 
the  S /N.  Common  spectral  features  are  indicated  by  line  name 
(and  the  occasional  night-sky  feature  by  “NS”).  Spectra  are 
labeled  with  their  unique  SDSS/SEGUE  three-part  ID  (plate- 
mjd-fiberld),  as  well  as  with  relevant  magnitudes,  colors,  or 
atmospheric  quantities  from  the  SSPP  analysis.  All  example 
spectra,  along  with  their  measured  parameters,  can  be  found  in 
the  DR7  data  release  by  using  their  three-part  ID  to  look  them 
up. 


WDs  are  important  for  absolute  calibration  of  the  astrophys- 
ical  temperature  and  flux  scales,  including  calibration  of  filter 
systems  that  span  ultraviolet  (UV),  optical,  and  IR  wavelengths 
(Holberg  &  Bergeron  2006;  Bohlin  2007).  The  SDSS  WD  cat¬ 
alogs  of  Kleinman  et  al.  (2004)  and  Eisenstein  et  al.  (2006) 
contain  an  extensive  list  of  WDs  discovered  in  the  SDSS  imag¬ 
ing  and  spectroscopy. 

A  goal  of  SEGUE  is  to  continue  this  survey  of  hot  WDs  by 
obtaining  spectra  of  most  WDs  with  T  >  14000  K  and  most  hot 
subdwarf  stars,  while  excluding  most  QSOs.  SEGUE  obtained 
spectra  of  4069  hot  WD  candidates,  of  which  about  62%  appear 
to  be  DA  type  WDs  while  roughly  15%  are  other  types  of  WDs. 
Other  hot  stars,  designated  sdB  and  sdO  types  (Green  et  al. 
1986),  most  of  which  are  extreme  horizontal  branch  stars,  are 
also  selected  by  this  SEGUE  WD  color  box.  Roughly  10%  of 
the  objects  selected  as  hot  WD  targets  are  QSO  or  emission-line 
galaxy  contaminants.  Figure  4  shows  sample  SEGUE  DA  WD, 
sdB,  and  sdO  spectra. 

3.3.  Cool  White  Dwarfs 

Cool  WD  stars,  the  fossil  remains  of  an  ancient  stellar 
population,  offer  a  window  into  the  early  stages  of  the  Galaxy 
and  its  formation.  They  can  be  used  to  place  lower  limits  on  the 
ages  of  various  Galactic  components,  extend  our  knowledge  of 
stellar  evolution,  and  provide  hints  of  star  formation  processes 
during  the  Galaxy’s  earliest  epochs.  Very  cool  (ultracool) 
WDs  with  hydrogen  in  their  atmospheres  exhibit  a  unique 
spectral  signature  due  to  collision-induced  absorption  (CIA) 
by  molecular  hydrogen.  In  pure  H-atmosphere  WDs,  CIA  is 
mediated  by  H2-H2  collisions  that  produce  a  flux  suppression 
in  the  IR  at  temperatures  below  about  5000  K,  resulting  in 
objects  of  very  unusual  color. 

SDSS  has  proven  to  be  an  excellent  database  in  which  to 
search  for  ultracool  WDs.  To  date,  14  new  ultracool  WDs  have 
been  discovered  in  SDSS  spectral  data  (Harris  et  al.  2001,  2008; 
Gates  et  al.  2004;  Hall  et  al.  2008),  constituting  the  majority 
of  known  ultracool  WDs.  Additional  cool  WD  candidates  have 
been  identified  in  SDSS  photometric  data  (Kilic  et  al.  2006; 
Vidrih  et  al.  2007).  Several  extremely  faint  high  proper  motion 
cool  WDs  have  recently  confirmed  in  the  SDSS  repeat-scan 
(stripe  82)  data  (Scholz  et  al.  2008). 

SEGUE  presents  a  unique  opportunity  to  find  more  of  these 
rare  objects.  Recent  SDSS  studies  of  WDs  (Kilic  et  al.  2006; 
Harris  et  al.  2006)  have  demonstrated  the  usefulness  of  a  reduced 
proper  motion  cut  for  selecting  candidates  from  the  photometric 
data,  and  a  similar  procedure  is  used  to  identify  targets  in 
the  SEGUE  imaging  data.  Objects  which  satisfy  the  Table  5 
selection  cuts  in  color  and  reduced  proper  motion  are  targeted 
as  cool  WDs  and  assigned  spectral  fibers.  All  selected  targets 
are  required  to  have  a  good  proper  motion  match  (as  defined  in 
Kilic  et  al.  2006)  in  order  to  obtain  a  reliable  reduced  proper 
motion  Hg. 

For  target- selection  versions  prior  to  v3.3,  cool  WDs  were 
allotted  a  maximum  of  10  fibers  per  plate  pair;  however,  analysis 
of  preliminary  SEGUE  data  observed  in  2004  revealed  that 
selection  cuts  frequently  yielded  fewer  than  this,  with  occasional 
fields  containing  1 1-15  target  objects  while  the  overall  average 
remained  less  than  10.  As  a  result  the  final  target- selection 
algorithm  targets  all  objects  which  satisfy  the  selection  criteria 
(increasing  the  number  of  ultracool  WD  fibers  to  more  than  10 
if  necessary  for  a  specific  plate  pair),  ensuring  that  we  obtain 


No.  5,  2009 


THE  SEGUE  SURVEY 


4387 


o 


cn 

I 


CM 


ro 


; - ■ - 1 - ■ - 1 - ' - 1 - 1 - 1 - ■ - ■ - ■ - 1 - 1 - ■ - 1 — 

*  •  x 

— ' - 1 - 1 - ' - ' - 1 - 1 — ; 

•  Low  Metah 

•  o  •  .v..-  • 

+  K  Giant  “ 

:L.'a •  .• 

•  K  dwarf  ; 

-  •'*  ^,3143  ■ 

.WD  •  x 

★  M  Giant  j 
,  +  xX  xWD  +  MS  ; 

.  BHB/BS  ' 

.  F 

-  o  F/G 

: 

•  b 

£ _ i _ 1 _ i _ i _ i _ i _ 1 _ i _ i _ i _ i _ 1 _ t _ i _ i _ 

_ L _ i _ 1 _ 1 _ i_i _ Li _ : 

-0.5 


0 


0.5 


1.5 


g-r 


g-i 

Figure  3.  SEGUE  target  selection  at  a  glance — target-selection  categories  in  SEGUE.  Top  panel:  (g  —  r) o,  (u  —  g)o  color-color  diagram  showing  different  SEGUE 
target  categories  in  different  colors/ symbols.  Note  the  “Low  Metal”  category  hugs  the  blue  side  (in  ( u  —  g) o)  of  the  stellar  locus,  and  a  substantial  fraction  of  F  stars 
with  redder  ( u  —  g) o  and  0.2  <  (g  —  r) o  <  0.48  are  not  targeted,  except  by  the  F/G  category.  Middle  panel:  the  same  as  above,  except  categories  which  use  redder 
(i—z)  o,  (r  —  Oo  colors  are  highlighted.  Note  the  L  dwarf  candidate  at  (i—z,  r  —  i)o  =  (1.72,  1.9).  The  proper  motion  selected  extreme  M  subdwarf  candidates  are  shown 
as  open  blue  circles.  Lower  panel:  a  (g  —  i)o,  Hg  selection  diagram  for  categories  which  use  USNO-B  proper  motion  in  their  selection.  Hg  =  g  +  5  log  10(/z/ 1000)  +  5, 
where  /i  is  the  proper  motion  in  mas  yr_1 .  Note  the  cool  WD  candidates  (high  proper  motion)  as  magenta  circles  and  the  K  giant  candidates  (consistent  with  0  proper 
motion). 


spectra  for  all  candidates.  This  reduced  proper  motion  selection 
algorithm  also  allows  us  to  target  all  low-luminosity  WDs  and 
most  high-velocity  WDs  and  identify  cool  WD  candidates  that 
exhibit  milder  CIA  suppression. 

SEGUE  targeted  about  1187  cool  WD  candidates.  While  an 
analysis  of  the  full  SEGUE  cool  WD  set  is  currently  underway, 
preliminary  results  show  that  the  selection  by  reduced  proper 
motion  is  yielding  a  high  return  of  cool  and  high-velocity  WDs. 
Out  of  16  plate-pairs  studied,  60%  of  the  targets  are  cool  DA 
type  WDs,  18%  are  DQ  or  DZ  type,  and  12%  are  DC  type, 
while  10%  are  contaminating  objects  of  nondegenerate  stars  or 
QSOs.  Of  the  rare  ultracool  WDs  that  are  intended  as  a  goal  of 
this  selection  category,  two  of  the  15  published  SDSS  ultracool 
WDs  (SDSS  J03 10-01  and  SDSS  J2239+00)  were  targeted  in 
this  category  and  found  in  early  SEGUE  spectra.  Figure  5  shows 
a  sample  cool  WD  spectrum  from  SEGUE. 

3.4.  BHB,  A  Main  Sequence,  Blue  Stragglers 

BHB  stars  in  the  halo  are  important  distant  standard  candles 
for  mapping  structure  in  the  outer  halo  (Yanny  et  al.  2000). 


They  may  be  seen  to  distances  of  80  kpc  or  more  and,  along 
with  red  K  giants,  are  our  most  distant  stellar  halo  probe  of 
kinematics  (Newberg  et  al.  2003).  The  recent  work  of  Xue 
et  al.  (2008)  shows  how  this  sample  probes  large  enough 
distances  in  the  halo  to  constrain  the  mass  of  the  Milky  Way 
at  d  ~  50  kpc.  A  linear  combination  of  the  SDSS  colors, 
v  =  —0.283 (u  -g)-  0.354 (g  -  r)  +  0.455(r  -  /)  +  0.766(/  -  z) 
(Lenz  et  al.  1998)  is  somewhat  helpful  in  separating  BHBs 
from  higher  surface  gravity  blue  stragglers  (BS),  and  it  is 
used  to  weight  the  selection  of  targets  toward  BHBs.  BS  are 
surprisingly  common  in  the  halo,  and  are  thought  to  be  the  result 
of  binary  evolution.  They  are  an  interesting  population  in  their 
own  right,  though  halo  members  can  be  difficult  to  separate  from 
disk  populations  at  brighter  magnitudes  (Momany  et  al.  2007). 
SEGUE  placed  fibers  on  24,688  BHB /BS  candidates,  and  about 
66%  of  the  resulting  spectra  are  auto-classified  as  BHB/BS 
types.  Figure  6  shows  examples  of  BHB  and  BS  spectra. 

3.5.  F  Turnoff,  Plate  Spectrophotometric  Standards 

F  turnoff  stars  are  an  extremely  numerous,  relatively  luminous 
category,  and  their  spectra  are  very  clean  and  amenable  to 
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Figure  4.  WD — top:  a  sample  SEGUE  DA  (hydrogen)  WD;  middle:  a  candidate  sdO  star  showing  a  characteristic  hot  spectrum;  lower:  a  candidate  sdB  star,  which 
have  colors  similar  to  the  WD. 


Wavelength  (Angstroms) 

Figure  5.  CWD — a  sample  SEGUE  cool  WD  where  CIA  due  to  H2  has  removed  flux  redward  of  6000  A,  leaving  a  spectrum  with  very  unusual  colors. 


accurate  spectroscopic  analysis  (Ramirez  et  al.  2006).  The 
number  of  F  turnoff  stars  available  toward  a  given  SEGUE 
pointing  far  exceeds  the  number  of  fibers  available,  thus, 
in  targeting  this  category,  SEGUE  used  linear  combinations 
of  the  (( u  —  g) 0,  ( g  —  r)0)  colors  to  favor  the  selection  of 
lower  metallicity,  halo  objects.  This  is  done  by  using  the 
“s”  (perpendicular  to  the  stellar  locus)  and  Pl(s)  (parallel 
to  stellar  locus)  colors  as  described  in  Helmi  et  al.  (2003). 
These  colors  essentially  “straighten-out”  the  stellar  locus  in 
the  vicinity  of  the  turnoff  and  allow  a  simple  cut  on  Pl(s) 
to  favor  halo  subdwarfs,  even  as  the  relative  density  of  thick 
disk  versus  halo  turnoff  stars  is  changing  rapidly  as  a  function 
of  magnitude.  For  stars  with  g  <  19,  the  S/N  is  generally 


high  enough  for  the  SSPP  to  derive  atmospheric  parameters 
with  relatively  small  uncertainties.  In  the  faintest  magnitude  bin 
(19  <  g  <  20.5),  only  the  RVs  are  still  accurate,  but  it  is  possible 
to  use  this  large  number  of  F  dwarfs  to  probe  halo  substructure 
at  distances  ofl0<d<18  kpc  from  the  Sun  (Newberg  et  al. 
2002,  2007).  Due  to  their  large  numbers  and  relative  absolute 
brightnesses,  SEGUE  targeted  37,900  F  subdwarfs,  plus  about 
6500  spectrophotometric  and  reddening  standards.  About  70% 
of  these  candidates  yielded  spectra  classified  as  type  F,  with 
some  indication  of  lower  metallicity  ([M/H]  <  —0.7). 

Kinematics  of  SEGUE  F  turnoff  stars  has  recently  allowed 
Willett  et  al.  (2009)  to  tightly  constrain  the  orbit  of  a  halo  stream 
(Grillmair  &  Dionatos  2006). 
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Wavelength  (Angstroms) 

Figure  6.  BHB/BS — Upper:  a  sample  SEGUE  BHB  star.  Note  the  low  surface  gravity,  log  g  =  3.0,  deep  and  narrow  Balmer  lines  characteristic  of  this  type.  Lower:  a 
sample  SEGUE  BS  star.  Note  the  somewhat  broader  Balmer  lines,  the  strong  Paschen  series  lines  in  the  IR,  and  the  higher  measured  surface  gravity  log  g  =  4.2. 


3.6.  Low-Metallicity  Candidates 

The  u  —  g  color  of  F,  G,  and  K  stars  with  0.4  <  (g  —  r)0  <0.8 
can  be  used  as  a  metallicity  proxy,  in  the  sense  that  bluer  stars 
tend  to  have  lower  metallicity  (Lenz  et  al.  1998).  We  can  employ 
this  color  cut  to  restrict  the  number  of  spectroscopic  targets.  For 
( g  —  r) o  >  0.8,  ( u  —  g) o  fails  as  an  effective  discriminant. 

Another  item  to  consider  when  searching  for  very  low  metal¬ 
licity  stars  is  the  volume  sampled.  While  low-metallicity  K  and 
M  dwarf  stars  live  for  much  longer  on  the  main  sequence  than 
F  and  G  stars,  their  intrinsic  faintness  relative  to  the  other  spec¬ 
tral  types  means  that  our  magnitude-limited  sample  of  these 
stars  is  dominated  by  disk  stars  that  are  near  the  Sun.  Rela¬ 
tively  few  spheroid  stars  are  expected  to  be  observed  in  the 
small  volume  of  the  Galaxy  that  we  probe  with  late  type  dwarfs. 
Since  F  “turnoff’  stars  are  significantly  brighter  (they  can  be 
1-2  mag  brighter  than  their  zero-age  main-sequence  luminos¬ 
ity),  and  therefore  can  be  seen  to  further  distances,  many  of  the 
lowest  metallicity  [Fe/H]  <  —3.0  candidate  objects  identified 
to  date  have  been  found  to  have  colors  of  F  turnoff  stars.  See  Al- 
lende  Prieto  et  al.  (2008)  and  Carollo  et  al.  (2007)  for  extensive 
studies  of  halo  F  turnoff  stars. 

SEGUE  targeted  30,998  candidates  in  the  low-metallicity 
category.  About  12%  (4600)  of  them  show  an  SSPP  metallicity 
of  [M/H]  <  -2.  About  0.1%  (32)  indicate  metallicity  [M/H]  < 
—3.  The  very  lowest  metallicity  candidates  will  need  to  be 
follow-up  on  larger  telescope  at  higher  resolution.  We  show 
in  Figure  7  a  set  of  turnoff  stars,  all  with  similar  effective 
temperatures,  that  have  metallicities  ranging  from  [M/H]  <  —  3 
to  super-solar  (the  higher  metallicity  stars  in  this  sequence  were 
not  selected  from  the  low-metallicity  targeting  category). 

It  should  be  noted  that  the  present  version  of  the  SSPP,  de¬ 
scribed  in  detail  by  Fee  et  al.  (2008a,  2008b),  Allende  Prieto 
et  al.  (2008),  and  Re  Fiorentin  et  al.  (2007)  produces  conser¬ 
vative  estimates  of  [Fe/H]  for  stars  with  metallicities  below 
roughly  [Fe/H]  =  —  2.7.  A  recent  preliminary  analysis  of  over 
80  SDSS/SEGUE  stars  with  SSPP  metallicity  determinations 


[Fe/H]  <  —2.7,  based  on  high-resolution  spectroscopy  obtained 
with  the  Subaru/HDS  (W.  Aoki  2008,  private  communication), 
indicates  that  the  actual  metallicity  can  be  0.3  dex  lower  than 
the  level  determined  by  the  SSPP.  This  analysis  shows  that  the 
lowest  metallicity  stars  from  this  category  have  [Fe/H]  =  —  3.7. 
With  this  new  recalibration,  T.  C.  Beers  et  al.  (2009,  in  prepa¬ 
ration)  assemble  some  15,000  stars  with  [Fe/H]  <  —2.0,  and 
several  hundred  with  [Fe/H]  <  —3.0.  These  totals  include  low- 
metallicity  stars  from  all  of  the  various  target  categories  used  in 
SDSS/SEGUE. 

3.7.  F/G  Stars 

The  F/G  target  category  represents  an  unbiased  random 
subsampling  of  the  range  of  stars  with  colors  0.2  <  (g  —  r)o  < 
0.48.  This  distinguishes  it  from  the  F  subdwarf  category  (above), 
which  is  biased  toward  objects  of  lower  metallicity.  This 
category  was  only  used  in  target-selection  versions  v3.3  and 
later.  SEGUE  targets  6939  of  these,  of  which  90%  are  classified 
as  type  F  or  G.  Figure  8  shows  an  example  spectrum. 

3.8.  G  Dwarfs  and  Sgr  Subgiants 

The  G  dwarf  sample  represents  SEGUE’s  largest  single 
homogeneous  stellar  spectral  category.  The  target  selection  is 
very  simple,  just  a  color  cut  in  (g  —  r) o,  and  thus  is  very 
close  to  unbiased.  With  the  SEGUE  unbiased  G  dwarf  sample, 
researchers  will  be  able  to  address  the  metallicity  distribution 
function  (MDF)  as  well  as  the  kinematic  distribution  of  G  dwarfs 
in  a  much  larger  volume  of  the  Galaxy  than  has  been  previously 
attempted  (Wyse  &  Gilmore  1995;  Wyse  1986). 

This  sample  will  also  be  extremely  useful  for  probing  the 
structure  of  the  Galaxy’s  major  components,  especially  using 
the  brighter  stars  with  S/N  >  20,  for  which  surface  gravities 
can  be  determined  by  the  SSPP.  Subgiant  stars  (spectral  type 
G  IV)  stars  in  the  Sagittarius  dwarf  tidal  debris  stream  can  also 
be  isolated  from  stars  in  this  selection  category. 
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Figure  7.  F  star  metal  sequence — a  set  of  SEGUE  F  stars,  selected  to  show 
the  range  of  metallicities  sampled  by  the  F  subdwarf,  F/G,  spectrophotometric 
standard  and  reddening  standard  categories.  All  13  stars  have  similar  effective 
temperatures,  near  6500  K,  but  the  strength  of  the  Ca  K  line  at  A. 3 93 3  indicates 
metallicities  ranging  from  less  than  0.001-1.5  times  Solar. 

SEGUE  targeted  62,784  G  star  candidates  based  on  the  simple 
color  selection.  At  least  96%  of  these  yield  G  star  spectra.  A 
significant  population  (roughly  7%)  of  evolved  (subgiant  or 
giant)  spectra  are  indicated  by  the  SSPP  log  g  <  3.75  indicator. 
Figure  9  shows  a  sample  G  dwarf  star  spectrum  (lower)  and  a  G 
giant  spectrum  (upper). 

3.9.  K  Giants 

K  giants  are  the  most  luminous  tracers  available  for  old  stellar 
populations.  They  can  (albeit  rarely)  be  found  with  absolute 
magnitudes  Mg  as  high  as  —2.0.  Such  stars  at  g  =  18  are  then 
located  at  a  distance  of  100  kpc. 

It  is  not  possible  to  use  a  simple  selection  criterion  such 
as  that  used  by  SEGUE  for  F/G  stars  or  G  dwarfs  to  select 
K  giants,  because  in  SEGUE’s  apparent  magnitude  range,  giants 
are  swamped  in  number  by  foreground  dwarfs  with  the  same 
(g  —  r)  color.  We  can  use  the  G  dwarf  category,  which  overlaps 
the  blue  edge  of  the  K  giant  color  range,  to  demonstrate  this. 
Only  3%  of  the  targeted  G  dwarf  stars  with  g  =  15-17  in 
the  SEGUE  data  are  giants.  By  contrast,  50%  of  the  stars  with 
similar  magnitudes  that  were  targeted  with  the  selection  criteria 
described  below  are  giants. 

In  past  surveys,  K  giants  have  been  identified  using  the 
pressure-sensitive  feature  near  5200  A  produced  by  a  blend  of 
the  Mg  lb  triplet  and  the  MgH  band,  which  is  strong  in  dwarfs 


and  weak  in  giants,  but  unfortunately  also  has  some  sensitivity 
to  stellar  metallicity  and  temperature  (Seitter  1970).  This  feature 
is  a  good  luminosity  criterion  for  late  G  and  K  stars  redward  of 
(g  ~  r)0  =  0.5  (B  —  V  ~  0.75).  Ratnatunga  &  Freeman  (1985) 
and  Flynn  &  Morrison  (1990)  used  objective  prism  spectra  to 
isolate  stars  with  weak  Mgb/H  features  in  the  G/K  color  range. 
As  it  is  quite  a  broad  feature,  it  is  also  possible  to  measure  their 
strength  using  intermediate-band  photometry  (Morrison  et  al. 
2000). 

Since  the  SDSS  ugriz  filters  do  not  have  a  narrow  filter  in 
the  Mgb/H  region,  we  use  a  more  indirect  method  of  finding 
giants.  In  SEGUE’s  magnitude  range,  many  of  the  giants  that 
we  observe  are  halo  stars,  so  we  use  a  photometric  metallicity 
indicator  to  remove  foreground  disk  dwarfs.  Briefly,  we  select 
stars  with  a  UV-excess  in  the  ugriz  system,  and  use  the  power 
of  our  fiber  spectroscopy  to  eliminate  the  remaining  foreground 
dwarfs. 

In  more  detail,  in  the  ( g  —  r)0,  ( u  —  g)o  diagram,  metal-poor 
stars  appear  bluer  in  ( u  —  g)o  for  a  given  (g  —  r) o  because  they 
have  less  line-blanketing  in  the  u  filter.  Two  different  colors 
have  been  defined  to  measure  the  deviations  from  the  mean 
stellar  locus  in  this  diagram:  the  s-color  of  Helmi  et  al.  (2003) 
and  the  /-color  of  Lenz  et  al.  (1998).  Large  values  of  the  /-color 
correspond  to  metal-poor  stars,  and  we  have  chosen  to  target 
stars  with  /  >  0.07.  Our  selection  strategy  is  complicated  by  the 
fact  that  the  Mg/?/MgH  feature  is  within  the  SDSS  g  passband 
(it  is  in  the  blue  wing  of  the  V  filter).  Giants  (with  weaker 
MgZ?/MgH)  will  be  bluer  mg  —  r  than  dwarfs. 

Figure  10  shows  how  the  competing  effects  of  metallicity 
and  gravity  play  out.  Our  K  giant  selection  region  extends 
from  (g  —  r)0  =  0.5  to  1.2.  The  main  locus,  from  the  accurate 
averaged  photometry  from  Stripe  82  (Ivezic  et  al.  2007)  is  shown 
in  gray:  stars  with  /-color  greater  than  0.07  are  shown  in  light 
gray.  Spectroscopically  confirmed  dwarfs  are  shown  with  large 
crosses,  and  giants  with  large  filled  circles.  Giants  range  in 
metallicity  from  near  solar  to  [Fe/H]  less  than  —2.0.  It  can 
be  seen  that  for  (g  —  r)0  between  0.5  and  0.8,  the  metallicity 
sensitivity  of  the  (u  —  g) o  color  is  the  dominant  effect,  and  metal- 
weak  giants  are  clustered  toward  the  blue  side  of  the  locus.  For 
redder  stars,  the  luminosity  sensitivity  of  ( g  —  r) o  dominates, 
and  giants  appear  above  the  main  locus. 

The  details  of  our  target  selection  for  this  category  have 
changed  as  we  have  learned  more  about  the  behavior  of  giants, 
particularly  the  rare  red  giants  and  dwarfs  in  ugriz  colors, 
particularly  the  rare  red  giants.  The  efficiency  of  our  discovery 
of  K  giants  depends  on  magnitude  and  color.  Using  an  /-color 
cut  of  0.10  rather  than  0.07,  success  rates  are  as  follows:  for 
g  =  17-18,  0.5  <  (g  —  r) o  <  0.6,  our  success  rate  is  45%. 
For  the  same  magnitude  range  and  0.6  <  (g  —  r)o  <  0.8,  the 
success  rate  is  28%. 

A  modification  to  the  K  giant  algorithm  occurred  for  SEGUE 
target-selection  version  v4.2  and  later  to  extend  the  selection  to 
very  red  (0.8  <  (g—r) o  <  1.2)  K  giants,  which  are  referred  to  as 
red  K  giants  in  the  SEGUE  target- selection  tables  (there  are  few 
bona  fide  M  giant  spectra,  with  TiO  bands  and  (g  —  r)0  >  1 .3,  in 
SEGUE).  Although  only  the  last  quarter  or  so  of  SEGUE  plates 
targeted  very  red  K  giants,  5948  fibers  were  placed  on  these 
very  red  stars,  of  which  466  (8%)  yielded  a  low-gravity  spectral 
indicator  from  SSPR  The  selection  algorithm  included  (g  —  r) o 
color,  lack  of  proper  motion,  and  a  weighting  toward  brighter 
magnitudes.  For  effective  random  sampling  with  only  a  proper 
motion  cut  for  (g  —  r) o  between  0.8  and  1.2,  the  success  rate  is 
2.5%. 
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Figure  8.  FG — a  sample  SEGUE  F/G  star.  This  category  samples  with  only  a  simple  (g  —  r) o  color  cut,  and  is  therefore  nearly  unbiased. 


Figure  9.  G — Upper:  the  weak  Mgb/H  feature  at  A.5140  indicates  that  this  G  star  is  actually  a  higher  luminosity  evolved  subgiant,  on  its  way  up  the  red  giant  branch. 
Approximately  7%  of  the  SEGUE  G  star  sample  shows  low  surface  gravity.  Lower:  a  more  typical  G  dwarf  star. 


This  important  category  received  22,814  fibers,  of  which 
about  30%  yielded  a  low  surface  gravity  K  giant,  red  K  giant, 
or  subgiant  spectrum.  Figure  1 1  shows  a  classic  K  giant  (top 
panel)  and  a  very  red  K  giant  (lower  panel). 

3.10.  AGB 

An  early  SEGUE  target- selection  category,  designated 
“asymptotic  giant  branch  (AGB),”  that  was  intended  to  select 
the  very  reddest  giants  in  Figure  10,  targeted  1343  objects.  Only 
about  8%,  however,  yielded  actual  red  giant  (and  possible  AGB) 
spectra.  In  hindsight,  the  choice  of  s-color  cuts,  and  (g  —  r) o 
limits  were  not  optimal,  and  the  low-latitude  AGB  category, 


(LL  AGB)  below,  and  the  red  K  giant  category  above  eventually 
superseded  this  AGB  category  for  SEGUE  target  selection  of 
this  type  of  object. 

3.11.  K  Dwarfs,  Early  M  Dwarfs 

The  K  dwarf  and  early  M  dwarf  category  generated  a 
significant  unbiased  sample  of  relatively  nearby  Galactic  objects 
with  complete  six-dimensional  phase-space  information:  proper 
motions,  RVs,  positions,  and  photometric  parallax  distance 
estimates  are  all  available  for  this  data  set.  SEGUE  targeted 
18,358  stars  in  this  category,  of  which  80%  yield  useful  spectra. 
Figure  12  shows  sample  K  and  M  dwarfs. 
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Figure  10.  Red  giant  selection — a  demonstration  of  how  the  K  giant  locus 
crosses  from  the  blue  (u  —  g )  side  of  the  stellar  locus  at  g  —  r  =  0.6  over  to 
the  red  side  of  the  locus  at  g  —  r  =  1.0.  M  giants  with  TiO  features  appear  at 
g  —  r  >  1.3  and  u  —  g  >  3.0.  The  small  dot  shows  the  photometric  stellar  locus 
in  a  SEGUE  high-latitude  held  (there  are  Sagittarius  M  giants  present  at  the 
end  of  the  locus).  Stars  with  /-color  greater  than  0.07  are  shown  in  light  gray. 
Spectroscopically  confirmed  dwarfs  are  shown  with  large  crosses,  giants  with 
large  filled  circles. 

3.12.  M  Subdwarfs ,  High  Proper  Motion  M  Stars 

The  aim  of  this  category  is  to  obtain  a  sample  of  low- 
metallicity  M  (sub)dwarfs,  which  are  strongly  correlated  with 
halo  M  dwarfs.  Originally,  1012  sdMs  were  targeted,  based  on 
a  version  of  the  West  et  al.  (2008)  color  cuts.  However,  for  a 
variety  of  reasons,  only  a  handful  of  these  candidates  were  actual 
sdMs.  A  second  window  onto  this  category  was  opened  by  using 
the  American  Museum  of  Natural  History  (AMNH)  high  proper 
motion  catalog  and  careful  color  selection  criteria  (Lepine  2008; 
Lepine  &  Scholz  2008).  Approximately,  40  fibers  per  plate  pair 
were  allocated  to  this  search  for  sdM,  esdM,  and  usdM  objects. 
This  category  obtained  a  very  high  (~20%)  success  rate  on  an 
allocation  of  9420  candidate  fibers.  Figure  13  shows  a  low  metal 
M  dwarf  and  a  high  proper  motion  selected  extreme  subdwarf 
M  star  (esdM2.5). 

3.13.  WD/MS  Binaries 

This  category,  designated  WD/MS  binary,  has  been  used 
successfully  to  improve  our  understanding  of  close  compact 
binary  evolution.  If  the  SEGUE  WD/MS  Survey  is  combined 
with  follow-up  observations  identifying  the  short  orbital  period 
systems  among  the  WD/MS  binary  stars,  important  processes 
such  as  the  common  envelope  phase  (see  Webbink  2007, 
for  a  recent  review)  or  angular  momentum  loss  by  magnetic 
wind  braking  can  be  constrained  (see  Politano  &  Weiler  2006; 
Schreiber  et  al.  2007).  Already,  SDSS-I  efficiently  identified 
new  WD/MS  binaries.  Smolcic  et  al.  (2004)  identified  a  new 
stellar  locus,  the  WD/MS  binary  bridge.  Silvestri  et  al.  (2006, 
2007)  published  lists  of  more  than  1400  spectroscopically 
identified  WD/MS  binaries.  These  samples,  however,  mainly 
consisted  of  young  systems  containing  hot  WDs. 

The  selection  criteria  used  here  have  been  designed  to  iden¬ 
tify  a  large  sample  of  old  WD/MS  binaries  containing  cold 
WDs  that,  according  to  Schreiber  &  Gansicke  (2003),  should 
represent  the  dominant  population  of  WD/MS  binaries.  On 
240  spectroscopic  plates  in  DR7,  the  WD/MS  color  selec¬ 
tion  algorithm  chose  9531  candidates  of  which  431  have 


been  observed  spectroscopically.  Among  these  we  confirm 
244  WD/MS  objects  (with  25  other  possible  candidates) 
resulting  in  a  success  rate  of  ~56%.  A  first  analysis  shows  that 
indeed  for  the  first  time  a  large  sample  of  old  systems  with  WD 
temperatures  below  ~  12,000  K  could  be  identified  (for  more 
details,  see  M.  R.  Schreiber  et  al.  2009,  in  preparation).  Follow¬ 
up  observations  to  further  constrain  compact  binary  evolution 
are  well  underway  (Rebassa-Mansergas  et  al.  2007,  2008;  M. 
R.  Schreiber  et  al.  2009,  in  preparation;  A.  Schwope  et  al.  2009, 
in  preparation).  The  total  SEGUE  allocation  to  this  WD/MS 
category  is  about  500  fibers,  with  a  56%  success  rate  expected. 
Figure  14  shows  one  example  WD/MS  spectrum. 

3. 14.  Brown  Dwarfs,  L,  and  T  Dwarfs 

Very  red  objects  are  photometrically  detected  in  the  z  image, 
but  not  in  the  bluer  ugri  SDSS  images.  These  are  rare  and 
interesting  objects,  and  the  only  difficulty  in  targeting  them  was 
to  assure  that  the  one  detection  was  a  solid  detection  and  not  a 
spurious  CR  hit  to  the  z-band  CCD.  Additional  flag  checking 
was  performed  for  candidates  in  this  category,  similar  to  that 
done  by  Fan  et  al.  (1999)  for  selecting  very  high  redshift  quasars 
that  are  detected  in  /,  z  or  z  only.  SEGUE  devoted  1277  fibers  to 
this  category,  with  about  a  7%  initial  estimated  yield  of  objects 
with  spectral  type  later  than  M8.  Figure  15  shows  a  SEGUE  L 
dwarf  spectrum. 

3.15.  The  Low-Latitude  (LL)  Algorithms 

For  12  pointings  at  \b\  <  20  (all  toward  regions  of  high 
reddening,  E(B  —  V)  >  0.3),  the  previously  mentioned  SEGUE 
target-selection  algorithms  were  not  effective.  The  long  lines  of 
sight  through  the  Galactic  disk,  at  low  latitudes,  often  rendered 
invalid  the  implicit  assumption  that  all  of  the  dust  lies  in  front 
of  the  target  stars.  For  these  pointings,  marked  as  “LLSurvey” 
in  Table  3,  we  use  an  alternative  target-selection  scheme  that 
targeted  three  categories:  (1)  bluest  object  candidates  (mostly 
BHB  and  F  stars):  selecting  the  bluest  ( g  —  r)  objects  in  any 
given  pointing  without  regard  for  absolute  colors;  (2)  K  giant 
candidates:  using  the  absence  of  proper  motion  as  the  primary 
selection  criterion;  and  (3)  AGB  type  objects:  singling  out 
objects  in  a  fashion  similar  to  that  used  for  selecting  red  K  giants, 
but  with  a  brighter  g  magnitude  limit.  This  latter  category  was 
assigned  only  a  small  fraction  of  fibers. 

Because  of  dust  and  crowding,  recovering  the  selection  func¬ 
tion  at  low  latitudes  is  problematic,  and  optical  spectrophotom¬ 
etry  of  these  low-latitude  stars  with  SEGUE  should  be  regarded 
as  experimental,  with  an  eye  toward  future  surveys. 

About  12,241  fibers  were  devoted  to  low-latitude  algorithm 
plates.  Each  of  the  three  primary  LL  categories,  K  giant 
(3220  candidates),  AGB  (499  candidates),  and  Blue-tip  (8522 
candidates)  yielded  about  30%  success  rate  based  on  SSPP 
analysis  using  methods  which  fit  normalized  spectra  (flattened 
without  continuum  slope,  and  are  thus  much  less  dependent 
on  reddening).  Figure  16  shows  three  spectra  from  one  LL 
algorithm  plate,  one  from  each  category. 

3.16.  The  SDSS  Legacy  Stellar  Target-Selection  Algorithm 

In  addition  to  SEGUE,  the  SDSS  and  SDSS-II  Legacy 
Surveys  obtained  spectra  for  nearly  200,000  (additional)  stars, 
which  were  allocated  fibers  on  the  main  SDSS  Legacy  Survey 
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Figure  11.  Kill — Top:  a  sample  SEGUE  K  giant  star,  weak  Mgb/H  feature,  the  weak  Ca  4226  and  the  weak  Na  i  A.5890.  Bottom:  a  sample  SEGUE  red  K  giant  star. 
Even  though  this  spectrum  shows  strong  TiO  bands,  usually  found  in  early  M  dwarfs,  it  is  clearly  a  giant,  due  to  its  relatively  weak  Mgb/H,  nearly  absent  Na  i  A.5890, 
weak  Ca  A.4226,  and  strong  Ca  IR  triplet.  This  star  has  an  absolute  Mg  =  —  1  and  is  at  a  distance  of  45  kpc  from  the  Sun  in  the  Sagittarius  tidal  stream’s  Northern 
leading  tail. 


Wavelength  (Angstroms) 

Figure  12.  KV — Top:  a  sample  SEGUE  K  dwarf,  note  the  strong  Mgb/H  and  Na  i.  Lower:  a  sample  SEGUE  M  dwarf,  note  the  strong  MgH,  Na  i,  and  TiO  molecular 
bands. 


plates  that  observed  primarily  galaxies.  The  target- selection 
categories  were  briefly  described  in  Stoughton  et  al.  (2002).  We 
list  in  Table  7  the  color  and  magnitude  cuts  used  to  select  stars 
by  category  in  the  SDSS  Legacy  Survey.  It  should  be  noted  that, 
unlike  SEGUE,  Legacy’s  stars  targeting  algorithms  may  assign 
multiple  target  type  bits  to  the  same  target,  that  is,  an  object  may 
be  targeted  based  on  its  colors,  as  both  a  SERENDIPITY_RED 
object  and  a  ROSAT_E  object.  These  bits  are  tabulated  in  the 
PrimTarget  field  of  the  CAS  database.  The  final  column  of 
Table  7  lists  the  approximate  number  of  candidates  which 
received  a  fiber  in  each  target  category. 


3.17.  Cluster  Plates 

In  order  to  calibrate  the  SSPP’s  metallicity,  luminosity,  and 
effective  temperature  scales  for  all  stars,  a  significant  number  of 
known  globular  clusters  and  a  few  open  clusters  were  targeted 
with  one  or  more  SEGUE  plates.  These  12  pointings  are 
indicated  with  the  cluster  name  followed  by  the  word  “Cluster” 
in  Table  3.  Because  many  of  these  clusters  are  relatively  nearby, 
they  have  giant  branches  with  stars  brighter  than  the  SEGUE 
spectroscopic  saturation  limit  of  r  ~  14.  Additionally,  due  to 
the  extreme  density  of  the  globular  cluster  fields,  even  the 
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Figure  13.  sdM — a  sample  SEGUE  M  subdwarf,  the  SEGUE  estimate  of  metallicity  is  uncertain  at  these  cool  temperatures.  An  AMNH  proper  motion  and  color-selected 
SEGUE  esdM2.5  extreme  subdwarf.  Note  that  the  TiO  bands  are  nearly  gone. 


Figure  14.  WD/MS — a  sample  SEGUE  WD  plus  MS  binary.  Stellar  parameters  determined  from  modeling  the  SEGUE  data  are  a  WD  of  Tt ff  ~  19000  K,  a  WD  mass 
of  ~0.6  Mq,  and  a  spectral  type  M4  for  the  companion. 


Pan-STARRS  assisted  PHOTO  processing  of  SDSS  and  SEGUE 
imaging  scans  failed  to  resolve  individual  stars  in  the  centers 
of  the  globulars.  For  these  reasons,  the  following  procedures 
were  followed  for  most  cluster  plate  observations.  (1)  The  target 
list  for  each  cluster  was  generated  individually.  Proper  motion 
membership  criteria  were  used  for  many  clusters,  allowing 
the  targeting  of  stars  in  the  dense  cores  of  clusters  which 
were  saturated  in  the  regular  SDSS  imaging.  K.  Cud  worth 
(2006,  private  communication)  provided  membership  lists  for  a 
significant  fraction  of  the  clusters  targeted.  Some  of  these  targets 
do  not,  therefore,  have  standard  SDSS  run-rerun-camcol-field- 
id  numbers,  and  are  identified  only  by  their  R.A.,  decl.  positions. 


(2)  Shorter  exposures  were  obtained  for  many  of  the  clusters. 
One  or  two  minute  exposures  allowed  us  to  obtain  nonsaturated 
spectra  of  stars  as  bright  as  r  ~  1 1 . 

These  cluster  spectra  were  used  to  calibrate  the  SSPP  for  all 
types  of  stars  (Lee  et  al.  2008a,  2008b).  The  spectra  of  cluster 
stars  are  available  on  an  “as  is”  basis  in  the  DR7  database. 
Users  should  be  aware  that  the  spectrophotometry  and  in  some 
cases  the  RV  solutions  of  these  plates  may  be  subject  to  large 
systematic  errors  due  to  the  extremely  short  exposure  times,  and 
that  occasional  bright  targets  may  be  saturated. 

A  major  effort  to  process  SDSS  and  SEGUE  imaging  data 
for  clusters  has  been  undertaken  by  An  et  al.  (2008),  using 
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Figure  15.  L — a  sample  SEGUE  brown  dwarf  of  approximate  spectral  type  L0  (or  M9).  The  u,  g,  and  r  band  flux  is  nearly  completely  missing  from  these  objects. 


Figure  16.  Low-latitude  selected  objects — a  sample  of  three  SEGUE  low-latitude  target-selection  objects  from  the  same  SEGUE  plate.  Upper:  a  blue-tip  candidate 
object,  clearly  of  spectral  type  F.  Middle:  a  K  giant  candidate.  Lower:  a  candidate  AGB  object. 


the  DAOPHOT/ ALLFRAME  suite  of  programs.  They  reduced 
imaging  data  for  crowded  cluster  fields  where  PHOTO  did  not 
run,  and  presented  accurate  photometry  for  20  globular  and 
open  clusters.36  This  effort  has  led  to  fiducial  sequences  for 
clusters  over  a  wide  range  of  metallicities  in  the  SDSS  ugriz  filter 
system. 

3. 1 8.  Special  Plates  Centered  on  Halo  Substructure 

Studying  halo  streams  is  an  important  goal  of  SEGUE,  and 
SEGUE  is  well  placed  to  obtain  new  kinematic  information  on 
the  stars  in  these  streams.  Five  previously  known  streams  were 

36  Available  at  http://www.sdss.org/dr7/products/value_added/ 
anjohnson08_clusterphotometry.htm 


specially  targeted  at  various  positions  along  their  extent  with 
SEGUE  plates,  for  a  total  of  16  pointings.  The  five  streams 
are  Sagittarius  (Yanny  et  al.  2000),  Monoceros  (Newberg  et  al. 
2002),  Orphan  (Belokurov  et  al.  2007b),  Virgo  (Vivas  et  al. 
2001;  Juric  et  al.  2008),  and  GD-1  (Grillmair  &  Dionatos 
2006).  Plates  with  these  pointings  are  marked  with  the  stream 
name  and  “Strm”  in  Table  3.  The  regular  target-selection 
algorithms  described  above  were  used  on  these  streams,  i.e., 
no  special  targets  within  the  stream  were  given  specific  fibers. 
Some  BHB,  BS,  F  turnoff,  K  giant,  and  G  subgiant  spectra 
are  clearly  confirmed  stream  members  on  these  “Strm”  plates. 
Identification  of  a  particular  star  as  a  stream  member  versus  a 
field  star  is  of  course,  often  difficult,  and  left  to  the  interested 
researcher. 
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Table  7 

Legacy  Stellar  Target  Selection  by  Type 


Target  Type 

PrimTargBits 

Mag, Color, PM  Cuts 

Cand.a 

SPECTROPHOTO  STD 

0  x  20 

0.1  <  g  —  r  <  0.4,  16  <  g  <  17.1 

20320 

REDDEN  STD 

0x2 

0.1  <  g  —  r  <  0.4,  17.1  <g<  18.5 

22337 

HOT  STD 

0  x  200 

g  <  19,  u  —  g  <0,  g  —  r  <  0 

3370 

ROSAT  C 

0  x  800 

r  <  16.5  ROSAT  X-ray  source  within  60" 

8000 

ROSAT  C 

0  x  800 

u  —  g  <  1.1  ROSAT  within  60" 

ROSAT  E 

0  x  8000000 

ROSAT  within  60" 

8000 

STAR  BHB 

0  x  2000 

—0.4  <  g  —  r  <  0,  0.8  <  u  —  g  <  1.8 

19887 

STAR  CARBON 

0  x  4000 

g  —  r  >  0.85,  r  —  i  >  0.05,  i  —  z  >  0,  r  —  i  <  —0.4  +  0.65 (g  —  r ) 
(g-r)>1.75 

4453 

STAR  BROWN  DWARF 

0  x  8000 

z  <  19,  cr(i)  <  0.3,  r  —  i  >  1.8,  i  —  z  >  1.8 

667 

STAR  SUBDWARF 

0  x  10000 

g  —  r  >  1.6,  0.95  <  r  —  i  <  1.6,  cr(g)  <  0.1 

1482 

STAR  CATY  VARb 

0  x  20000 

0  x  20000 

g  <  19.5,  u  —  g  <  0.45,  g  —  r  <  0.7,  r  —  i  >  0.3,  i  —  z>  0.4 
(u  —  g)  —  1.314(g  —  r)  <  0.61,  r  —  i  >  0.91,  i  —  z>  0.49 

8959 

STAR  RED  DWARF 

0  x  40000 

i  <  19.5,  cr(i )  <  0.2,  r  —  i  >  1.0,  r  —  i  >  1.8 

14649 

STAR  WHITE  DWARF 

0  x  80000 

g  —  r  <  —0.15,  u  —  g  +  2 (g  —  r)  <  0,  r  —  i  <  0 

Hcg  >  19,  Hg  >  16.136  +  2.727(g-i) 
g  —  i  >  0,  Hg  >  16.136  +  2.727(g  -  i) 

6059 

STAR  PN 

0  x  10000000 

g  —  r  >  0.4,  r  —  i  <  —0.6,  i  —  z>  —  0.2,  16  <  ro  <  20.5 

20 

SERENDIP  BLUE 

0  x  100000 

u  —  g  <  0.8,  g  —  r  <  —0.05 

81937 

SERENDIP  FIRST 

0  x  200000 

FIRST  radio  source  within  1".5 

14689 

SERENDIP  REDb 

0  x  400000 

r  —  i  >  2.7,  i  —  z  >  1.6 

4179 

SERENDIP  DISTANT15 

0  x  800000 

g  -  r>2,  r  -  i  <0 

11820 

Notes. 

a  An  object  may  be  a  Legacy  target  in  multiple  categories. 
b  For  this  category,  colors  and  magnitudes  are  NOT  dereddened. 
c  Hg  =  g  +  51og(/z)  +  5,  /x  in  arcsec  yr_1. 

4.  THE  DATA  ARCHIVE  AND  AN  EXAMPLE  QUERY 

All  of  the  spectra  and  associated  imaging  from  SEGUE  were 
made  public  as  a  part  of  DR7  of  the  SDSS-II  Survey  on  2008 
October  31.  The  calibrated  magnitudes  and  positions  of  objects 
as  determined  by  the  SDSS  PHOTO  pipeline  software  are  avail¬ 
able  in  the  “photoobjall”  and  “star”  tables  of  the  CAS  database, 
which  is  available  through  interfaces  at  http://cas.sdss.org  and 
described  in  detail  at  http://www.sdss.org.  We  note  that  the 
SEGUE  and  SDSS  Legacy  imaging  and  spectra  are  all  in  a 
single  large  database,  so  it  is  possible  to  obtain  SDSS  Legacy 
photometry  and  SEGUE  spectroscopic  information  for  stars  in 
the  SDSS  and  SDSS-II  footprints  as  part  of  a  single  query,  or 
closely  related  set  of  queries.  The  SSPP  and  SPECTRO  out¬ 
puts  (RV,  [M/H],  logg,  reff)  are  available  in  tabular  form  in 
the  “sppParams”  and  “specObjAll”  tables  of  the  CAS  database. 
FITS  format  files  containing  all  of  the  ~240,000  extracted,  co¬ 
added,  sky- subtracted,  flux-calibrated  spectra  are  available  at 
http://das.sdss.org  for  interested  researchers.  Similar  files  for  all 
200,000  stellar  objects  detected  by  SDSS  and  SDSS-II  Legacy 
Surveys  are  also  available  at  the  same  location. 

To  highlight  the  usefulness  of  the  data  archive,  we  present  an 
example  SQL  query  from  the  CAS  database  to  help  construct 
plots  showing  the  extent  and  scientific  usefulness  of  SEGUE 
data. 

We  design  a  query  to  select  SEGUE-targeted  G  stars  from  the 
database,  and  return  each  object’s  photometric  and  tabulated 
spectroscopic  information. 

The  following  SQL  query  is  presented  to  the  CAS  DR7 
database  (http://cas.sdss.org/CasJobs): 

select  dbo . f run(targetid)  as  run, 
dbo . f rerun(targetid)  as  rerun, 
dbo . fcamcol (target id)  as  camcol, 
dbo . f f ield(targetid)  as  field. 


dbo . f obj (targetid)  as  ob j , 
gO , umgO , gmrO , spp . ra , spp . dec , spp . 1 , spp . b , 
spp .plate , spp .mjd, spp . fiber id, elodierv, 
elodierverr , 

f eha , f ehaerr , f ehan ,  logga , loggaerr , 
elodierv+10 . l*cos (b*3 . 14159/180) * 
cos(l*3. 14159/180)+ 

224 . 0*cos (b*3 . 14159/180) *sin(l*3 . 14159/180) + 

6 . 7*sin(b*3 . 14159/180)  as  vgsr  from 
sppParams  spp , specob jail  sp, 
platex  p  where  spp . specob j id  =  sp. specob j id 
and  sp.plateid  = 

p.plateid  and  p . programname  like  ’SEGUE0/’  and 
gmrO  between  0.48  and  0.55 
and  elodierverr  >  0 

This  query  is  written  in  “SQL,”  a  standard  database  query 
language.  Some  details  of  the  query  are  as  follows. 

The  first  six  lines  select  photometric  quantities  for  the 
desired  objects,  include  the  unique  five-part  SDSS  imaging  ID 
(run,rerun,camcol,field,obj),  dereddened  photometry  (g0,  ( u  — 
g)o,  (g  —  r)0),  (R.A.,decl.)  J2000,  and  Galactic  (l,  b). 

The  next  three  lines  select  spectroscopic  outputs  for  each 
object:  unique  three-part  SDSS/SEGUE  spectroscopic  ID 
(plate, mjd, fiberid),  RV  and  error  (obtained  by  cross-correlation 
with  ELODIE  RV  templates),  elodierv ,  elodierverr  in  km  s-1, 
and  SSPP  estimates  of  [M/H]  (feha)  with  error  (fehaerr)  and 
an  indication  of  how  many  estimators  went  in  to  the  [M/H] 
estimate  (fehan).  Similarly,  the  stellar  surface  gravity  and  error 
is  retrieved  (logga,  loggaerr). 

A  significant  fraction  of  the  spectra  will  have  feha  or  logga  set 
to  —9.999,  which  indicates  that  the  SSPP  did  not  have  sufficient 
S /N  to  estimate  this  value  confidently.  These  values  are  mostly 
for  fainter  g  >  19  spectra. 
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Figure  17.  Sample  Query — the  five  panels  here  show  a  step-by-step  analysis  of  the  SEGUE  G  star  spectroscopic  sample  to  isolate  an  interesting  subpopulation.  Top: 
(/,  ugsr)  plot  of  61,343  measured  SEGUE  G  star  parameters  from  the  CAS  database.  A  sinusoidal  line,  representing  a  rotating  thick  disk  population  is  indicated  with 
a  black  curve.  Subsets  of  stars  which  stand  out  from  the  black  curve  are  candidate  halo  dwarf  galaxy  or  stream  structures.  A  feature  of  interest  for  further  study  is 
highlighted  with  a  black  mark  pointing  to  (/,  ugsr)  =  (170°,  —160km  s-1).  There  are  several  other  interesting  features  which  will  not  be  explored  further  here.  Second 
from  top:  the  set  of  stars  selected  in  (/,  i>gsr)  is  plotted  in  (/,  b )  to  localize  the  interesting  structure  in  position  on  the  sky.  Middle:  the  magnitude  distribution  of  these 
stars  is  quite  broad,  centered  near  g  ~  19,  but  covering  in  excess  of  a  2  mag  range.  It  is  possible  that  they  are  all  at  the  same  approximate  distance  only  if  we  are 
sampling  a  steep  subgiant  branch  population.  Second  from  bottom:  a  histogram  of  the  SSPP  measured  surface  gravity  of  this  sample  indicates  that  nearly  all  these 
objects  (logg  <  3.75)  are  in  fact  subgiants  rather  than  dwarfs.  Bottom:  the  metallicity  distribution  of  these  objects  indicates  a  metallicity  of  [M/H]  =  — 1.4  ±  0.5, 
with  individual  object  errors  on  metallicity  of  about  0.3.  The  implied  distance  to  these  objects,  if  they  are  one  population,  is  about  30  kpc.  The  spatial  location  of  these 
objects  is  consistent  with  previous  studies  of  the  Sagittarius  tidal  stream  Southern  trailing  tail. 


The  next  lines  take  each  object’s  heliocentric  RV  and  Galactic 
(/,  b)  and  uses  the  database  to  compute  the  Galactocentric  ugsr 
velocity  using  standard  values  for  the  solar  motion. 

The  selection  is  done  with  an  SQL  “join”  between  the  SSPP 
table  “sppParams,”  and  the  spectroscopic  id  table  “specobjall” 
and  the  plate  list  table  “platex,”  requiring  that  the  type  of 
spectroscopic  program  matches  the  key  phrase  “SEGUE”  (to 
exclude  LEGACY  SDSS  galaxy  plates)  and  that  the  dereddened 
color  of  the  objects  fall  in  the  G  dwarf  color  range  (0.48  < 
(g  —  r)o  <  0.55).  Additionally,  the  RV  error  must  be  greater 
than  zero,  indicating  a  minimal  level  of  quality  of  the  spectrum. 
This  also  excludes  galaxies  and  quasars,  leaving  only  objects 
with  stellar  kinematics. 


This  query  yields  a  table  (in  comma  separated  value  format, 
which  may  be  downloaded  to  a  user’s  local  computer  for  further 
manipulation)  of  61,343  objects. 

Individual  images  of  spectra  in  this  data  set  may  be  examined 
by  fetching  from  the  DAS,  with  a  link  like 

wget 

http : //das . sdss . org/ spectro/ld_26/ 1880/gif/ 
spPlot-53262- 1880-0 14 . gif 

where  the  object  may  be  verified  to  be  a  G  star. 

A  FITS  data  file  of  the  calibrated  ID  spectrum  is  available 
from 
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wget 

http : //das . sdss . org/spectro/ ld_26/ 1880/ 
ld/spSpec-53262-1880-014 .fit 

for  detailed  further  manipulation. 

Figure  17  shows  steps  in  isolating  an  interesting  subpop¬ 
ulation  of  these  G  stars.  The  topmost  panel  plots  Galactic 
fgsr  versus  l  for  all  G  stars  selected  with  the  CAS  database 
query  above.  A  sinusoidal  curve  with  amplitude  120  km  s-1 
shows  the  average  path  of  stars  rotating  with  the  Sun  about 
the  Galactic  center.  Several  knots  of  G  stars  stick  out  from  the 
general  disk  population(s).  We  focus  on  one  set  of  stars  with 
—  175  <  ugsr  <  —111  km  s_1  and  168°  <  l  <  182°.  Galactic 
(l,  b)  for  this  subset  is  plotted  in  the  second  panel.  A  histogram 
of  the  apparent  magnitudes  of  the  further  subset  of  stars  with 
—52°  <  b  <  —37°  is  plotted  in  the  third  panel.  If  these  stars 
are  dwarfs  at  Mg  ~  5.5,  their  implied  distance  from  the  Sun  is 
5  kpc.  However,  they  may  be  giants  or  subgiants  at  much  further 
distances.  We  plot  the  histogram  of  SSPP  surface  gravities  in 
panel  4.  There  is  a  clear  peak  at  subgiant  and  giant  log  g  <  3.75 
(all  G  dwarfs  have  logg  >  4.25).  Therefore,  this  population 
consists  of  subgiants  with  Mg  ~  1.5,  placing  the  stars  at  d  — 
30  kpc  from  the  Sun.  A  histogram  of  the  quantity  feha  (adopted 
average  [Fe/H]  from  the  SSPP  pipeline)  for  the  subgiants  is 
shown  in  the  lowest  panel.  The  estimated  metallicity  of  these 
objects  is  [M/H]  =  —  1 .4  ±  0.5.  The  location  of  these  objects  on 
the  sky  and  their  implied  distances  and  velocities  are  consistent 
with  that  of  Sagittarius  Southern  tidal  stream  stars,  such  as  RR 
Fyraes  and  BHBs  seen  in  Ivezic  et  al.  (2000)  and  Yanny  et  al. 
(2000). 

This  example  just  scratches  the  surface  of  the  interesting 
science  that  can  be  obtained  with  the  SEGUE  G  star  sample. 

5.  SUMMARY 

The  SEGUE  Survey  provides  a  large  sample  of  more  than 
240,000  spectra  of  stars  at  (14  <  g  <  20.3)  covering  212 
sightlines  out  to  distances  of  100  kpc.  It  supplements  the  SDSS 
Legacy  imaging  survey  with  an  additional  3500  deg2  of  ugriz 
imaging  at  \b\  <  35°.  Each  7  deg2  sightline  obtains  1150  well- 
calibrated  resolution  R  =  1 800  spectra,  analyzed  by  a  uniform 
set  of  software  pipelines  to  generate  tables  of  RVs  for  all  stars 
and  estimates  of  [Fe/H],  logg,  and  T&  for  stars  with  S/N 
>  10.  The  selected  targets  in  each  pointing  cover  all  major 
spectroscopic  types  from  WDs  to  L  brown  dwarfs  in  numbers 
sufficient  to  sample  the  kinematic  structure  of  all  major  stellar 
components  of  the  Galaxy  (except  the  bulge)  at  distances  from 
the  solar  neighborhood  (probed  with  M,  L,  and  T  dwarfs)  to 
100  kpc  from  the  Sun  (probed  with  BHB  and  K/M  giant  stars). 
The  SEGUE  sample  is  useful  for  isolating  stellar  substructures, 
particularly  in  the  stellar  halo. 

The  unbiased  sample  of  over  60,000  G  dwarf  spectra  presents 
a  unique  way  to  study  the  Galaxy’s  structure  in  detail.  Selected 
populations  of  rare  targets  ranging  from  cool  WDs  to  high  proper 
motion  subdwarf  M  stars  to  stars  with  metallicity  [M/H]  <  —  3 
allow  theories  of  formation  and  evolution  of  the  Milky  Way  to 
be  newly  constrained. 

A  follow-up  to  the  SEGUE  Survey,  entitled  SEGUE-2,  is  now 
underway  with  the  same  instrument  and  telescope  configuration 
and  aims  to  obtain  targeted  spectra  of  a  sample  of  similar  size 
and  quality  to  SEGUE. 

All  SEGUE  data  are  calibrated  and  publicly  accessible, 
now  enabling  a  segue  to  many  productive  science  explorations 
beyond  the  dreams  of  the  designers. 
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